VOLUME  7,  Nos.  1&2 
APRIL  2000 


ISSN  1386-9477 


LOW-DIMENSIONAL  SYSTEMS 
it  NANOSTHDGTDRES 


Proceedings  of  the  Fifth  International 
Conference  on  Intersubband  Transitions 
in  Quantum  Wells 

ITQW  '99 

held  in  Bad  Ischl,  Austria 
7-11  September  1 999 


Guest  Editors: 

M.  Helm 
K.  Unterrainer 


NOMf  included  in  your  subscription: 

ELECTRONIC 

ACCESS 

ynm.else¥iennlf/ocate/elecacc 


NORTH-HOLLAND 

http://www.elsevier.nl/locate/physe 


PHYSICA  E 


An  interdisciplinary  journal  of  research  on  low-dimensional  systems  and  nanostructures 


Editors: 

T.  Ando,  Institute  of  Solid  State  Physics,  University  of  Tokyo,  7-22-1  Roppongi,  Minato-ku,  Tokyo  106,  Japan 
Fax:  +  81-3-3402-7326;  E-mail:  ando@issp.u-tokyo.ac.jp 
T.  Chakraborty,  Institute  of  Mathematical  Sciences,  Taramani,  Chennai  600  113,  India 
E-mail:  tapash@imsc.ernet.in 

B.D.  McCombe,  Department  of  Physics,  SUNY  at  Buffalo,  Buffalo,  NY  14260-1500,  USA 
Fax:  +  1-716-645-2507;  E-mail:  mccombe@acsu.buffalo.edu 

M.A.  Reed,  Department  of  Electrical  Engineering,  Yale  University,  P.O.  Box  208284,  New  Haven,  CT  06520-8284,  USA 
Fax:  +  1-203-432-6420;  E-mail:  mark.reed@yale.edu 

D.  Weiss,  Universitat  Regensburg,  Experimentalle  und  Angewandte  Physik,  Universitatstrasse  31,  D-93040  Regensburg,  Germany 
Fax:  -I-  49-941-943-3196;  E-mail:  dieter.weiss@physik.uni-regensburg.de 


Advisory  Editorial  Board: 

G.  Abstreiter,  Garching 
S.  Bending,  Bath 

M.  Buttiker,  Geneva 

H.  Fukuyama,  Tokyo 
A.  Geim,  Nijmegen 


A.C.  Gossard,  Santa  Barbara,  CA 

C.  Hamaguchi,  Osaka 
P.  Hawrylak,  Ottawa 

D.  Lockwood,  Ottawa 


A.  Pinezuk,  Murray  Hill 
K.  Richter,  Dresden 

H.  Sakaki,  Tokyo 

B. V.  Shanabrook,  Washington,  DC 


Aims  and  scope 

Physica  E  {Low-dimensional  systems  and  nanostructures)  con¬ 
tains  papers  and  review  articles  on  the  fundamental  and  ap¬ 
plied  aspects  of  physics  in  low-dimensional  systems,  including 
semiconductor  heterostructures,  mesoscopic  systems,  quan¬ 
tum  wells  and  superlatticcs,  two-dimensional  electron  systems, 
and  quantum  wires  and  dots.  Both  theoretical  and  experi¬ 
mental  contributions  are  invited.  Topics  suitable  for  publica¬ 
tion  in  this  journal  include  optical  and  transport  properties, 
many-body  effects,  integer  and  fractional  quantum  Hall  effects, 
single  electron  effects  and  devices,  and  novel  phenomena. 

Abstracted/indexed  in: 

Current  Contents:  Physical,  Chemical  and  Earth  Sciences; 
Aluminium  Industry  Abstracts,  El  Compendex  Plus,  Engineered 
Materials  Abstracts,  Engineering  Index,  INSPEC,  Metals 
Abstracts,  Physics  Briefs 

Subscription  information 

Physica  E  (ISSN  1386-9477)  is  published  monthly,  except  in 
January,  June,  August,  October  and  November.  For  2000, 
volumes  6-7  are  scheduled  for  publication.  Subscription  prices 


are  available  upon  request  from  the  Publisher.  A  combined 
subscription  with  Physica  A,  Physica  B,  Physica  C  and  Physica 
D  is  available  at  a  reduced  rate. 

Subscriptions  are  accepted  on  a  prepaid  basis  only  and  are 
entered  on  a  calender  year  basis.  Issues  are  sent  by  surface  mail 
except  to  the  following  countries  where  air  delivery  via  SAL  is 
ensured:  Argentina,  Australia,  Brazil,  Canada,  China,  Hong 
Kong,  India,  Israel,  Japan,  Malaysia,  Mexico,  New  Zealand, 
Pakistan,  Singapore,  South  Africa,  South  Korea,  Taiwan, 
Thailand,  USA.  For  all  other  countries  air  mail  rates  are 
available  upon  request.  Please  address  all  enquiries  regarding 
orders  or  subscriptions  to: 

Elsevier  Science  B.V. 

Customer  Support  Department 
P.O.  Box  211,  1000  AE  Amsterdam 
The  Netherlands 

Telephone:  -I-  31-20-485  3757;  Fax:  +  31-20-485  3432 

Claims  for  issues  not  received  should  be  made  within  six 
months  of  our  publication  (mailing)  date. 


US  Mailing  Notice 

Physica  E  (ISSN  1386-9477)  is  published  monthly,  except  in  January,  June,  August,  October  and  November  by  Elsevier  Science  B.V., 
P.O.  Box  21 1, 1000  AE  Amsterdam,  The  Netherlands.  The  annual  subscription  price  in  the  USA  is  US$  654  (valid  in  North,  Central  and 
South  America  only),  including  air  speed  delivery.  Application  to  mail  at  periodical  postage  rate  is  pending  at  Jamaica,  NY  11431. 
USA  postmaster  Send  address  change  to  Physica  E,  Publications  Expediting  Inc.,  200  Meacham  Avenue,  Elmont,  NY  11003. 
Airfreight  and  mailing  in  the  USA  by  Publications  Expediting  Inc.,  200  Meacham  Avenu,  Elmont,  NY  11003. 


@  The  paper  used  in  the  publication  meets  the  requirements  of  ANSI/NISO  Z39.48-1992  (Permanence  of  Paper). 


North-Holland,  an  imprint  of  Elsevier  Science 


Printed  in  The  Netherlands 


REPORT  DOCUMENTATION  PAGE 


Form  Approved  0MB  No.  0704-0188 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources, 
gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  e^imate  or  any  other  aspect  of  this 
collection  of  information,  including  suggestions  for  reducing  this  burden  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson 
Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302,  and  to  the  Office  of  Management  and  Budget,  Paperwork  Reduction  Project  (0704-0188),  VVashington,  DC  20503^ 


1.  AGENCY  USE  ONLY  (Leave  blank) 


2.  REPORT  DATE 
2000 


3.  REPORT  TYPE  AND  DATES  COVERED 

7-11  September  1 999 

Conference  Proceedings  -  Final  Report 


4.  TITLE  AND  SUBTITLE 

International  Conference  on  Intersubband  Transitions  in  Quantum  Wells  (5  ) 
ITQW’99  Held  in  Bad  Ischl,  Austria,  on  7-11  September  1999.  Proceedings. 

5.  FUNDING  NUMBERS 

N00014-99-1-1049 

6.  AUTHOR(S) 

Manfred  Helm  and  Karl  Unterrainer,  Editors 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Johannes  Kepler  Universitat  Linz 

Institut  fur  Halbleiterphysik 

A-4040  Linz,  Austria 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

ISSN  1386-9477 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

Office  of  Naval  Research, 

European  Office 

PSC  802  Box  39 

FPO  AE  09499-0039 

10.  SPONSORING/MONITORING 

AGENCY  REPORT  NUMBER 

11.  SUPPLEMENTARY  NOTES 

Published  in  Physica  E  (Low  Dimentional  Systems  and  Nanostructures),  Vol.  7,  Nos  1&2,  April  2000.  Published  by  North-Holland, 
Elsevier  Science,  PO  Box  21 1 , 1000  AE  Amsterdam,  The  Netherlands,  This  work  relates  to  Department  of  the  Navy  Grant  issued 
by  the  Office  of  Naval  Research  International  Field  Office.  The  United  States  has  a  royalty  free  license  throughout  the  world  in  all 
r.nnvriohtabifi  material  contained  herein.  See  also  ADA389287. 

12a.  DISTRIBUTION/AVAILABILITY  STATEMENT 

12b.  DISTRIBUTION  CODE 

Approved  for  Public  Release;  Distribution  Unlimited. 

U.S.  Government  Rights  License.  All  other  rights  reserved  by  the  copyright 
holder. 

A 

13.  ABSTRACT  (Maximum  200  words) 

This  volume  contains  papers  presented  at  the  5*'^  International  Conference  on  Intersubband  Transitions  In  Quantum  Wells 
(ITQW’99)  held  7-1 1  September  in  Bad  Ischl,  Austria.  The  field  of  Intersubband  transitions  in  quantum  wells  has  experienced 
impressive  growth  in  the  early  ‘90s  and  has  now  stabilized  and  matured.  As  a  consequence,  there  are  two  directions  in 
research:  (1)  application  of  intersubband  transitions  in  “real”  devices”  and  (2)  Investigation  of  the  basic  Intersubband  physics. 
The  list  of  topics  presented  Includes:  intersubband  detectors  and  lasers,  intersubband  emission  in  the  far-infrared  or  THz 
range,  and  intersubband  transitions  in  quantum  dots.  Additional  topics  inicude  infrared  band-gap  lasers  and  Bloch  oscillation. 
See  http://www.hlphys.uni-llnz.ac.at/hl/itqw1 999. htm#Anker323348 


14.  SUBJECT  TERMS 

ONRIFO,  Foreign  reports,  Conference  Proceedings,  Intersubband  transitions.  Quantum  wells, 
Quantum  theory  and  relativity 

15.  NUMBER  OF  PAGES 

16.  PRICE  CODE 

17.  SECURITY  CLASSIFICATION 

18.  SECURITY  CLASSIFICATION 

19,  SECURITY  CLASSIFICATION 

20.  LIMITATION  OF  ABSTRACT 

OF  REPORT 

OF  THIS  PAGE 

OF  ABSTRACT 

UNCLASSIFIED 

UNCLASSIFIED 

UNCLASSIFIED 

UL 

NSN  7540-01-280-5500 


Standard  Form  298  (Rev.  2-89) 

Prescribed  by  ANSI  Std.  239-18 
298-102 


PHYSICA  g 


ADVISORY  EDITORIAL  BOARD 


G.  Abstrcilcr,  Garching 
S.  Bending,  Balh 

M.  Butliker,  Geneva 

H.  Fukuyama,  Tokyo 
A.  Geim,  Nijmegen 


A.C.  Gossard,  Santa  Barbara,  CA 

C.  Hamaguchi,  Osaka 
P.  Hawrylak,  Ottawa 

D.  Lockwood,  Ottawa 


A.  Piiiczuk,  Murray  Hill 
K.  Richter,  Dresden 

H.  Sakaki,  Tokyo 

B. V.  Shanabrook,  Washington,  DC 


PHYSICA  is  published  in  five  sections: 

Pl-IYSICA  A  {StatisUca}  mechanics  ami  ils  appiications)  publishes  research  in  the  field  of  statistical  mechanics  and  its  applications. 
Statistical  mechanics  sets  out  to  explain  the  behaviour  of  macroscopie  systems  by  studying  the  statistical  properties  of  their  microscopic 
constituents.  Applications  of  the  techniques  of  statistical  mechanics  are  widespread,  and  including  applications  to  physical  systems  such 
as  solids,  liquids  and  gases:  applications  to  chemical  and  biological  systems  {colloids,  interfaces,  complex  fluids,  polymers  and  bio- 
polymers,  cell  physics);  and  other  interdisciplinary  applications  to  biological,  economical  and  sociological  systems. 

PHYSICA  B  {Comiensed  matter)  contains  papers  and  review  articles  in  the  realm  of  physics  of  condensed  matter.  Both  experimental 
and  theoretical  contributions  arc  invited,  although  theoretical  papers  should  preferably  be  related  to  experimental  results.  (For  example 
“A  theory  on  nuclear  spin  relaxation  in  metals”  would  be  more  suitable  for  Physica  B,  while  a  theoretical  discussion  on  “Screening  effects 
in  the  electron  gas”  is  more  fitting  for  Physica  A.) 

PHYSICA  C  {Sapcrcomiuctivity)  serves  as  a  rapid  channel  for  publications  on  superconductivity  and  related  subjects.  This  includes 
theoretical  papers  on  the  fundamental  issues  raised  by  high-Tc  superconductivity,  reports  on  measurements  of  a  wide  variety  of  physical 
properties  of  high- Tc  superconductors,  on  new  materials  and  new  preparation  techniques,  on  thin-film  and  device-oriented  work  and  on 
theoretical  results  pertinent  to  such  experiments.  New  results  in  the  traditional  areas  of  superconductivity  as  well  as  on  novel 
phenomena  (c.g.  hcavy-eleclron  superconductivity)  will  also  be  included. 

PHYSICA  D  {Nonlinear  phenomena)  contains  papers  and  review  articles  reporting  experiments,  techniques  and  ideas  which,  although 
they  may  be  derived  and  explained  in  the  context  of  a  particular  field,  advance  the  understanding  of  nonlinear  phenomena  in  general. 
Contribulions  of  this  type  in  the  recent  literature  have  dealt  with:  wave  motion  in  physical,  chemical  and  biological  systems;  chaotic 
motion  in  models  relevant  to  turbulence;  quantum  and  statistical  mechanics  governed  by  nonlinear  field  equations;  instability, 
bifurcation,  pattern  formation  and  cooperative  phenomena. 

PHYSICA  E  {Low-dimensional  systems  and  nanostructures)  contains  papers  and  review  articles  on  the  fundamental  and  applied  aspects 
of  physics  in  low-dimensional  systems,  including  semiconductor  heterostructures,  mesoscopic  systems,  quantum  wells  and  superlattices, 
two-dimensional  electron  systems,  and  quantum  wires  and  dots.  Both  theoretical  and  experimental  contributions  are  invited.  Topics 
suitable  for  publication  in  this  journal  include  optical  and  transport  properties,  many-body  effects,  integer  and  fractional  quantum  Hall 
effects,  single  electron  effects  and  devices,  and  novel  phenomena. 


VOLUME  7,  2000 


LOW-DIMENSIONAL  SYSTEMS 
A  NANOSTRUCTURES 


Editors: 


T.  ANDO 

T.  CHAKRABORTY 
B.D.  McCOMBE 
M.A.  REED 
D.  WEISS 


U.S.  Government  Rights  License 

This  work  relates  to  Department  of  the  Navy 
Grant  or  Contract  issued  by  Office  of  Naval 
Research  (ONR)  International  Field  Office- 
Europe.  The  United  States  Government  has  a 
royalty-free  license  throughout  the  world  in  all 
copyrightable  material  contained  herein. 


20011130  013 


NORTH-HOLLAND 

f\Q 


2000  Elsevier  Science  B.V.  All  rights  reserved. 

This  journal  and  the  individual  contributions  contained  in  it  are  protected  by  the  copyright  of  Elsevier  Science  B.V.,  and  the  following 
terms  and  conditions  apply  to  their  use: 

Photocopying 

Single  photocopies  of  single  articles  may  be  made  for  personal  use  as  allowed  by  national  copyright  laws.  Permission  of  the  Publisher 
and  payment  of  a  fee  is  required  for  all  other  photocopying,  including  multiple  or  systematic  copying,  copying  for  advertising  or 
promotional  purpo.ses,  resale,  and  all  forms  of  document  delivery.  Special  rates  are  available  for  educational  institutions  that  wish  to 
make  photocopies  for  non-profit  educational  classroom  use. 

Permissions  may  be  sought  directly  from  Elsevier  Science  Global  Rights  Department,  PO  Box  800,  Oxford  0X5  IDX,  UK; 
phone:  (+44)  1865  843830,  fax:  {  +  44)  1865  853333,  e-mail:  permissions@elsevier.co.uk.  You  may  also  contact  Global  Rights  directly 
through  Elsevier’s  home  page  (http://www.elsevier.nl),  selecting  first  ‘Customer  Support’,  then  ‘General  Information’,  then  ‘Permissions 
Query  Form’. 

In  the  USA,  users  may  clear  permissions  and  make  payment  through  the  Copyright  Clearance  Center  Inc.,  222  Rosewood  Drive, 
Danvers,  MA  01923,  USA;  phone:  (978)  7508400;  fax:  (978)  7504744,  and  in  the  UK  through  the  Copyright  Licensing  Agency  Rapid 
Clearance  Service  (CLARCS),  90  Tottenham  Court  Road,  London  WIP  OLP,  UK;  phone:  ( -h44)  171  436  5931;  fax:  (4-44)  171  436  3986. 
Other  countries  may  have  a  local  reprographic  rights  agency  for  payments. 

Derivative  works 

Subscribers  may  reproduce  tables  of  contents  or  prepare  lists  of  articles  including  abstracts  for  internal  circulation  within  their 
institutions. 

Permission  of  the  Publisher  is  required  for  resale  or  distribution  outside  the  institution. 

Permission  of  the  Publisher  is  required  for  all  other  derivative  works,  including  compilations  and  translations. 

Electronic  storage  or  usage 

Permission  of  the  Publisher  is  required  to  store  or  use  electronically  any  material  contained  in  this  journal,  including  any  article  or  part 
of  an  article.  Contact  the  Publisher  at  the  address  indicated. 

Except  as  outlined  above,  no  part  of  this  publication  may  be  reproduced,  stored  in  a  retrieval  system  or  transmitted  in  any  form  or  by  any 
means,  electronic,  mechanical,  photocopying,  recording  or  otherwise,  without  prior  written  permission  of  the  Publisher. 

Address  permissions  request  to:  Elsevier  Science  Global  Rights  Department,  at  the  mail,  fax  and  e-mail  addresses  noted  above. 

Notice 

No  responsibility  is  assumed  by  the  Publisher  for  any  injury  and/or  damage  to  persons  or  property  as  a  matter  of  products  liability, 
negligence  or  otherwise,  or  from  any  use  or  operation  of  any  methods,  products,  instructions  or  ideas  contained  in  the  material  herein. 
Although  all  advertising  material  is  expected  to  conform  to  ethical  (medical)  standards,  inclusion  in  this  publication  does  not  constitute 
a  guarantee  or  endorsement  of  the  quality  or  value  of  such  product  or  of  the  claims  made  of  it  by  its  manufacturer. 

©The  paper  used  in  this  publication  meets  the  requirements  of  ANSI/NISO  Z39.48-1992  (Permanence  of  Paper). 


Proceedings  of  the  Fifth  International 
Conference  on  Intersubband  Transitions 
In  Quantum  Wells 


ITQW  '99 


held  in  Bad  Ischl,  Austria 
7-11  September  1999 


Guest  Editors: 

Manfred  Helm 

Institut  fur  Halbfeiterphysik 
Universitat  Linz 
A-4040  Linz,  Austria 

Karl  Unterrainer 

institut  fur  Festkdrperelektronik 
TU  Wien,  A-1040  Wien,  Austria 


ELSEVIER 


VI 


This  work  relates  to  Department  of  the  Navy  Grant  N 000 14-99-1 -1049  issued  by  the  Office  of  Naval  Research 
International  Field  Office  -  Europe.  The  United  States  has  a  royalty-free  license  throughout  the  world  in  all 
copyrightable  material  contained  herein.  The  content  does  not  necessarily  reflect  the  position  or  the  policy  of  the 
United  States  Government. 


Preface 


vii 


This  volume  contains  papers  presented  at  the  5th  International  Conference  on  Intersubband  Transitions 
in  Quantum  Wells  (ITQW  ’99),  held  from  7  to  1 1  September  1999  in  Bad  Ischl,  Austria.  The  ITQW  ’99  was 
the  5th  in  a  series  which  started  in  Cargese,  Corsica,  France  in  1991  as  a  NATO  workshop  and  has  been 
successfully  continued  in  Whistler,  Canada  (1993),  Ginosar,  Israel  (1995)  and  Tainan,  Taiwan  (1997).  79 
papers  were  presented  at  the  conference,  14  of  which  were  invited  talks,  36  contributed  talks,  and  29  posters. 
63  of  these  are  published  in  this  volume. 

The  field  of  intersubband  transitions  in  quantum  wells  has  experienced  an  impressive  growth  in  the  early 
90s  and  has  now  stabilized  on  a  very  solid  level.  In  a  sense  the  field  has  also  matured,  since  IR  cameras  based 
on  intersubband  transitions  are  commercially  being  sold  and  quantum  cascade  lasers  fabricated  from 
different  material  systems  have  been  demonstrated  in  several  laboratories  worldwide.  As  a  consequence  we 
can  presently  observe  two  directions  in  intersubband  research:  (1)  application  of  intersubband  transitions  in 
“real”  devices  and  (2)  investigation  of  the  basic  intersubband  physics.  The  latter  is  still  a  rich  field  with  novel 
exciting  phenomena  being  discovered.  Here  we  would  like  to  mention  many-body  physics  and  quantum 
optics  of  intersubband  transitions  and  even  their  mutual  interaction.  For  example,  electromagnetically 
induced  transparency  in  quantum  wells  was  reported  for  the  first  time  at  this  conference.  Surprisingly  also, 
the  community  has  become  aware  that  to  date  there  is  no  rigorous  theory  for  such  a  fundamental  quantity  as 
the  linewidth  of  intersubband  transitions.  Intense  research  has  also  widened  the  spectral  range  of  possible 
applications  of  intersubband  transitions  from  below  2  pm  to  above  100  pm.  According  to  the  above,  the  list 
of  topics  at  this  conference  includes  intersubband  detectors  and  lasers,  with  a  special  section  on  intersubband 
emission  in  the  far-infrared  or  THz  range,  intersubband  transitions  in  quantum  dots,  ultrafast  effects  and 
intersubband  relaxation,  and  nonlinear  and  coherent  as  well  as  many-body  effects.  In  an  attempt  to  open  the 
conference  to  “non-intersubband”  topics,  which  however  are  still  somewhat  related  to  the  field,  the 
organizers  decided  to  also  hold  sessions  on  infrared  band-gap  (especially  antimonide)  lasers  and  Bloch 
oscillations. 

With  over  90  participants  from  16  countries  this  conference  has  been  the  largest  so  far  in  this  series.  The 
represented  nations,  in  descending  order,  were  Germany,  USA,  UK,  Israel,  Austria,  Switzerland,  Japan, 
France,  Italy,  Russia,  Canada,  Poland,  Singapore,  Spain,  Sweden,  and  Ukraine.  Despite  this  relatively  large 
number,  we  think  it  was  possible  to  maintain  the  traditional  relaxed  atmosphere  with  strong  interactions  of 
the  participants.  This  was  of  course  partly  thanks  to  the  pleasant  location  of  the  Kurhotel  with  the 
surrounding  gentle  Salzkammergut  mountains.  In  addition,  the  unexpectedly  (but  hoped  for!)  warm  and 
sunny  weather  during  the  conference  completed  the  boundary  conditions. 

The  organizers  are  very  grateful  to  the  province  government  of  Upper  Austria  (Amt  der  OO  Landes- 
regierung),  the  Microeleetronics  Society  of  Austria  (GMe),  to  the  Office  of  Naval  Research  and  the  European 
Research  Office  of  the  US  Army,  London,  and  Bruker  Optik  GmbH  for  their  generous  support.  Speeial 
thanks  are  to  Klaus  Rabeder  and  Karin  Hammerschmid  for  their  help  in  the  organization  of  the  conference. 
Finally,  we  would  like  to  thank  the  staff  of  Elsevier,  in  particular  E.  van  Wezenbeek  and  J.  van  Leest  for  the 
fruitful  collaboration  during  publication  of  this  volume. 
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Abstract 

Electrically  pumped  injection  lasers  based  on  the  GaAs/AlGaAs  material  system  are  investigated.  Intersubband  transitions 
in  coupled  quantum  wells  and  intraband  transitions  in  a  finite  superlattice  are  used  to  demonstrate  lasing.  The  laser  emission 
wavelength  is  10  pm  for  the  intersubband  lasers  and  12.9  pm  for  the  laser  stmeture  having  a  finite  superlattice  as  an  active 
cell.  Utilizing  ridge  waveguide  laser  bars  at  a  heat-sink  temperature  of  10  K,  peak  optical  powers  of  the  intersubband  quantum 
cascade  lasers  exceed  300  mW  (interminiband:  100  mW).  The  maximum  operating  temperature  is  160  K  (interminiband: 
50  K).  Cylindrical  micro-cavities  show  single-mode  behavior  with  a  side  mode  suppression  ratio  better  than  25  dB  for  both 
kinds  of  lasers.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Semiconductor  lasers;  Quantum  cascade  lasers;  Superlattices;  Micro-cavities 


Since  the  development  of  unipolar  semiconductor 
lasers  based  on  intersubband  transitions  in  quantum 
wells  [1],  continuous  progress  in  device  operation 
and  performance  of  the  so-called  quantum  cascade 
lasers  has  been  achieved,  reaching  from  the  realiza¬ 
tion  of  superlattice  lasers  based  on  interminiband 
transitions  [2,3]  up  to  non-eascaded  structures  with 
only  one  single-optical  transition  [4].  However,  till 
1998  lasing  was  restricted  to  a  single  material-system, 
InGaAs/InAlAs  lattice  matched  to  InP.  The  realiza¬ 
tion  of  unipolar  light  emitter  based  on  the  model 
material  system  GaAs/AlGaAs  showing  electrolumi- 


*  Corresponding  author.  Tel.:  -4-43-1-58801-362-18;  fax: 
+43-1-58801-362-99. 

E-maiJ  address:  gottfried.strasser@tuwien.ac.at  (G.  Strasser) 


nescence  [5-7],  optically  [8,9]  pumped  and  finally 
eleetrically  pumped  lasing  in  GaAs/AlGaAs  inter¬ 
subband  structures  [10]  was  reported.  Recently,  we 
showed  electrically  pumped  lasing  in  GaAs/AlGaAs 
interminiband  structures  [11]. 

Micro-eavity  lasers  show  improved  resonator 
properties  because  the  total  internal  reflection  of 
’’whispering-gallery  modes”  (WGM)  guarantees  a 
reflectivity  near  unity.  A  consequence  of  the  in¬ 
crease  of  the  reflectivity  is  a  decrease  of  the  thresh¬ 
old  current  density  of  lasers  based  on  these  special 
kinds  of  resonators.  Electrically  pumped  micro-cavity 
lasers  based  on  intersubband  transitions  in  the 
InGaAs/InAlAs/InP  were  demonstrated  in  1996  [12] 
and  investigated  in  greater  detail  in  1998  [13].  Re¬ 
cently,  we  have  demonstrated  the  first  micro-cavity 
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lasers  based  on  a  GaAs/AlGaAs  intersubband  quan¬ 
tum  cascade  structure  [14].  Different  sizes  and  shapes 
of  these  micro-cavities  arc  demonstrated  and  will  be 
published  [15]. 

In  this  work  the  design,  growth  and  operation  of 
unipolar  semiconductor  lasers  based  on  the  material 
system  GaAs/AlGaAs  is  presented.  Coherent  emitter 
based  on  intersubband  transitions  in  coupled  quantum 
wells  as  well  as  laser  based  on  interminiband  transi¬ 
tions  in  a  finite  superlattice  have  been  realized.  We 
report  on  the  performance  of  ridge  waveguide  lasers 
as  well  of  as  micro-cavity  lasers. 

The  GaAs/AlGaAs  intersubband  quantum  cascade 
laser  structure  consists  of  a  three-quantum  well  active 
region  comparable  to  the  one  given  by  Sirtori  et  al. 
[10].  The  active  cells  arc  separated  by  miniband  fun¬ 
nel  injectors  and  30  repetitions  of  the  whole  structure 
are  embedded  in  the  conducting  cladding  layers  to 
ensure  proper  electron  injection  and  waveguiding. 
Fig.  1  shows  one  period  of  the  active  zone  of  this 
intersubband  laser;  the  thicknesses  of  the  different 
layers  arc  given  in  the  figure  captions.  The  conduc¬ 
tion  band  of  one  active  region  embedded  into  two 
injectors  regions  is  calculated  self-consistcntly,  and 
the  figure  includes  the  squared  wave  functions  of  the 
coupled  quantum  wells.  Applying  an  external  electri¬ 
cal  field  of  about  45  kV/cm  (as  shown  in  the  plot)  lets 
the  states  line  up  and  leads  to  the  radiative  transition 
as  indicated  by  an  arrow.  The  structure  was  designed 
to  emit  photons  at  1 0  pm  in  good  agreement  with  the 
experimental  findings.  The  aluminum  concentration 
in  the  AlGaAs  barriers  was  chosen  to  be  30%.  This 
ensures  that  the  AlGaAs  bamer  is  a  direct  band-gap 
material  and  that  the  transfer  of  injected  electrons 
from  the  F  point  to  the  X  point  is  not  very  likely.  On 
the  other  hand,  the  band  offset  is  only  250  meV  and 
it  escapes  from  hot  electrons  into  the  T-continuum 
hinders  lasing  at  elevated  temperatures.  The  bridging 
region  between  the  active  cells  is  n-doped  about  3- 
5c*'  cm““  per  period  to  prevent  band  bending.  This 
gain  medium  is  sandwiched  between  two  heavily 
doped  GaAs  layers  acting  as  waveguide  structures 
using  a  plasmon-enhanccd  confinement  [16,17].  The 
1  pm  thick  n+  layers  arc  set  back  on  either  side  from 
the  active  region  by  a  low-doped  core  layer.  These 
core  layers  arc  doped  in  the  mid  lO'^’cm"^  range,  a 
tradeoff  between  freeze  out  on  the  low  and  free  car¬ 
rier  absorption  losses  on  the  high-doped  side.  Epitaxy 


Fig.  1.  Calculated  conduction  band  structure  of  an  active  cell 
embedded  between  two  injectors  for  the  intersubband  laser 
stmcturc.  A  bias  of  45  kV/cm  is  applied.  The  shaded  ar¬ 
eas  indicate  the  miniband  region  in  the  injector.  The  rele¬ 
vant  squared  wave  functions  are  shifted  to  the  correspond¬ 
ing  transition  energy  levels,  respectively.  The  highlighted  states 
(El,  E2,  E3)  are  all  the  involved  intersubband  states  within 
the  well/baiTier  limits;  the  dotted  state  represents  the  injec¬ 
tor  state.One  active  zone  consists  of  GaAs  (nmj/AlojGaojAs 
(nm):1.5/2/4.9/1.7/4/3.4/3.2/2/2.8/2.3/2.3/2.5/2.3/2.5/2.1/5.8;  2 

wells  and  2  barriers  (underlined)  in  the  center  of  the  injector  are 
doped  (2cl7  cm“^). 


was  done  with  a  solid  source  MBE  system;  highly 
n-doped  (10  0)  GaAs  wafers  were  used  as  substrates. 

To  achieve  lasing  at  longer  wavelength  than  10  pm 
we  designed  an  interminiband  quantum  cascade  struc¬ 
ture.  The  main  advantage  of  a  superlattice  active 
region  is  the  high  oscillator  strength  of  the  radiative 
transitions  between  the  two  minibands.  The  oscil¬ 
lator  strength  has  a  maximum  at  the  mini-Brillouin 
zone  boundary  {k~  =  njd)  where  the  injected  elec¬ 
trons  are  located  in  the  upper  miniband,  while  in  the 
lower  miniband  the  states  at  the  zone  boundary  are 
empty.  A  detailed  study  of  superlattice  lasers  in  the 
InGaAs/InAlAs  lattice  matched  to  InP  was  done  by 
the  Bell  group  [2,3].  To  prevent  electric  field  pene¬ 
tration  and  the  resulting  breaking  of  the  minibands 
into  a  Wannier-Stark  ladder  [18],  the  first  active  su¬ 
perlattice  regions  (Scarmacio  et  al.,  Refs.  [2,3])  were 
doped  uniformly.  Two  competing  doping  techniques 
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were  invented  by  Tredicucci  et  al.  [19,20]  to  improve 
the  device  performance.  In  the  first  technique  the 
dopants  are  located  inside  the  injector  regions  and  by 
an  applied  external  electric  field  negative  electrons  are 
separated  from  the  positive  ionized  donors  to  com¬ 
pensate  for  the  applied  external  electric  field  across 
the  active  superlattice  region  [19].  The  latter  design 
compensates  for  the  electric  field  by  using  a  variation 
in  the  superlattice  period  as  well  as  in  the  SL  duty  cy¬ 
cle  [20].  With  this  compensation  flat  minibands  with 
extended  states  can  be  achieved  at  high  external  bias 
conditions  without  high  doping  concentrations  by  the 
so-called  chirped  superlattice.  In  the  InGaAs/InAlAs 
system  long-wavelength  operation  up  to  17  pm  has 
been  demonstrated  [2,3]. 

We  used  the  chirped  superlattice  approach  for  the 
realization  of  the  first  GaAs-based  interminiband 
laser  [11].  In  Fig.  2  a  self-consistent  calculation  of 
the  conduction  band  for  this  active  superlattice  re¬ 
gion,  sandwiched  between  two  bridging  superlattice 
regions,  including  that  for  the  radiative  transition 
relevant  squared  wave  functions  is  plotted.  At  an  ap¬ 
plied  external  electrical  field  of  ^25  kV/cm  the  built 
in  asymmetry  is  compensated.  This  is  shown  in  Fig. 
2  for  this  particular  field,  where  the  relevant  wave 
functions  are  extended  and  a  miniband  similar  to  a 
miniband  in  a  periodic  supcrlattice  at  flatband  condi¬ 
tions  is  formed.  The  radiative  transition  is  designed 
to  emit  photons  at  12.5  pm  (arrow  in  Fig.  2)  in  fair 
agreement  with  the  experimental  findings  at  about 
12.9  pm. 

The  thicknesses  of  the  layered  structure  are  given 
in  the  figure  captions.  The  finite  superlattiee  consists 
of  6  wells;  the  same  number  of  wells  is  used  for 
the  bridging  region  that  acts  as  a  funnel  injector.  To 
prevent  band  bending  the  center  wells  of  the  injec¬ 
tor  are  n-doped  in  the  lower  10'^cm“^  range,  leaving 
the  active  cells  and  the  barriers  on  top  and  below  the 
active  cells  nominally  undoped.  During  growth,  the 
aluminum  concentration  in  the  barriers  was  kept  at 
30%,  n'*'  GaAs  (100)  with  a  doping  concentration  of 
/?si  =  1.5-2  X  lO'^cm”^  acting  as  substrates.  A  cas¬ 
cade  of  30  repetitions  of  the  active  zone  results  in 
a  total  thickness  of  2.5  pm.  The  nominally  identical 
Al-free  cladding  structure  as  for  the  intersubband  laser 
described  above  was  used  to  ensure  waveguiding. 

In  the  intersubband  quantum  cascade  laser  structure 
(Fig.  1)  the  optical  matrix  element  for  the  radiative 


Fig.  2.  Calculated  conduction  band  structure  of  an  active  cell 
embedded  between  two  injectors  for  the  interminiband  struc¬ 
ture,  the  external  bias  being  ~  25  kV/cm;  the  shaded  ar¬ 
eas  indicate  the  miniband  region  in  the  injector.  The  rele¬ 
vant  squared  wave  functions  are  shifted  to  the  corresponding 
transition  energy  levels.  The  highlighted  states  are  the  lowest 
state  in  the  upper  miniband  (E2)  and  the  highest  state  in  the 
lower  miniband  (El)  the  radiative  transition  (E2-E1)  is  shown 
by  an  arrow.  The  dotted  state  represents  the  lowest  injector 
state  (E3).  One  active  zone  consists  of  GaAs  (nm)/AlGaAs 
(nm);  6.5/1. 1/6.1/1.2/5.7/1.2/5.1/1.3/4.5/1.4/4.3/2.5/3/2/3/2.8/3/ 
3/2.6/3.2/2.5/3.3/2.3/3.8/2.2/5.5;  3  wells  and  2  barriers  (under¬ 
lined)  in  the  center  of  the  injector  are  doped  (2el7  cm"^). 


transition  (E3-E2)  is  16  A  .  At  low  temperatures  we 
compute  a  total  lifetime  of  the  upper  state  E3  of  1 .4 
ps,  limited  by  electron-phonon  scattering.  The  non- 
radiative  relaxation  time  from  E3  to  E2  is  2.2  ps  and 
the  total  lifetime  of  the  state  E2  is  less  than  0.3  ps.  All 
these  values  are  consistent  with  the  values  given  by 
Sirtori  et  al.  [10]  due  to  the  fact  that  this  intersubband 
structure  is  a  copy  of  their  design  with  minor  changes 
to  achieve  lasing  at  longer  wavelength  (10  pm). 

In  the  superlattice  quantum  cascade  laser  structure 
(Fig.  2)  the  dipole  matrix  element  for  the  intermini¬ 
band  transition  (E2-E1)  is  35  A,  while  for  the  diag¬ 
onal  transition  from  the  lowest  injector  state  (dashed 
thick  line:  E3)  to  the  highest  miniband  state  in  the 
lower  band  (E3-E1)  the  matrix  element  is  5  A.  The 
lowest  state  of  the  second  miniband  has  a  total  life¬ 
time  Tn  =  0.35  ps  and  a  nonradiative  relaxation  time  to 
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the  uppermost  state  of  the  first  miniband  of  th  j  =3.0 
ps;  the  total  lifetime  of  the  highest  state  in  the  lowest 
miniband  (tj)  is  calculated  to  be  0.2  ps.  These  val¬ 
ues  arc  valid  for  the  design  given  in  Fig.  2  having  a 
radiative  transition  of  12.5  pm. 

An  optical  mode  intensity  profile  calculation  for  the 
intersubband  QCL  structure  assuming  a  laser  wave¬ 
length  of  10  pm  gives  a  total  waveguide  loss  of  aw  = 
16  cm“',  while  the  calculated  confinement  factor  for 
the  waveguide  design  described  above  is  F  =  26%, 
the  effective  refractive  index  being  «cIT  =  3.209.  For 
the  supciiatticc  QCL  structure  and  an  assumed  wave¬ 
length  of  13  pm  the  calculated  waveguide  losses  are 

=  30  cm" ' ,  the  confinement  factor  is  T  =  0.45  and 
the  effective  refractive  index  /?cir  —  3.15.  The  higher 
losses  in  the  supciiattice  structure  compared  to  the  in¬ 
tersubband  QCL  are  due  to  the  increased  free  earner 
absorption  at  longer  wavelength.  The  high  confine¬ 
ment  factor  takes  into  account  the  fact  that  for  the  same 
number  of  periods  the  active  gain  medium  is  slightly 
thicker  for  the  superlattice  than  for  the  intersubband 
QCL. 

From  the  same  wafer  material  ridge  waveguide 
lasers  and  micro-cavity  lasers  are  processed.  Wet 
chemical  etching  is  used  to  define  the  dimensions  of 
ridge  waveguide  lasers,  typically  25  pm  wide.  The 
substrate  is  thinned  to  100-150  pm;  Ge/Au/Ni/Au  is 
evaporated  onto  the  back  and  forms  the  back  contact 
(alloyed).  After  the  deposition  of  an  insulation  layer 
(PECVD:  Si3N4)  the  top  of  the  ridges  is  opened  again 
and  electrical  contact  metals  arc  sputtered.  Sequen¬ 
tially,  the  ridge  waveguides  are  cleaved  into  1.5 -2. 5 
mm  long  laser  bars.  Uncoated  cleave  facets  serve  as 
laser  mirrors. 

To  process  micro-cavity  lasers  the  contact  pads  for 
the  top  contact  are  sputtered.  The  radius  of  the  circular 
top  metal  contact  has  to  be  smaller  than  the  cylinder  ra¬ 
dius  to  prevent  the  damping  of  the  whispering-gallery 
modes.  Sequentially  the  surface  is  coated  with  a 
1  pm  thick  SiN  etching  mask  (PECVD).  Circular  re¬ 
active  ion-etched  SiN  pads  centered  at  the  top  metal 
contacts  with  a  defined  overlap  act  as  masks  during 
the  definition  of  the  cylinders  (RIE:  SiCU  &  Ar). 
Perpendicular  side  walls  with  deviations  less  than  1° 
ensure  high  lasing  performance.  Sequentially  the  ac¬ 
tive  region  and  both  cladding  layers  were  removed, 
adding  up  to  more  than  a  10  pm  deep  etching.  Fi¬ 
nally  the  SiN-mask  is  removed.  The  back  contact  for 
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Fig.  3.  Voltage  and  integral  optical  output  versus  current  charac¬ 
teristic  of  a  ridge  waveguide  bar  at  10  K:  (a)  intersubband  QC 
laser  structure;  (b)  interminiband  QC  laser  structure. 

the  micro-cavities  is  done  in  the  same  way  as  for  the 
ridge  waveguide  lasers.  On  the  very  end  the  samples 
are  soldered  on  a  copper  holder,  wire  bonded  and 
mounted  on  a  temperature-controlled  cold  head. 

All  laser  structures  are  analyzed  by  measuring 
current-voltage  characteristics  as  well  as  integral  and 
spectral  optical  outputs.  Spectral  measurements  are 
performed  using  a  Fourier- transform  step-scan  spec¬ 
trometer.  Light  is  collected  using  f/O.l  optics  and 
focused  on  a  LN2  cooled  HgCdTe  detector. 

In  Fig.  3  typical  current-voltage  curves  of  a  laser 
bar  at  10  K  are  shown;  Fig.  3a  shows  the  data  of 
the  intersubband  QCL,  while  in  Fig.  3b  the  intermini- 
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band  data  are  plotted.  To  prevent  heating,  all  data 
are  taken  in  a  pulsed  mode  at  a  low  repetition  rate. 
The  pulsed  light-current  (LI)  characteristics  are  taken 
at  the  same  run  with  a  liquid-nitrogen-cooled  MCT 
detector  to  measure  the  threshold  current.  At  these 
sampling  rates  (0.05%  duty  cycle;  5  kHz)  for  ridge 
waveguide  lasers,  the  electroluminescence  below  the 
laser  threshold  is  not  detectable,  thus,  a  flat  line  below 
the  lasing  onset  is  seen.  The  LI  for  the  intersubband 
structure  is  shown  in  Fig.  3a  (interminiband  (IMB): 
Fig.  3b)  and  a  low-temperature  threshold  current  den¬ 
sity  of  9.0  kA/cm^  for  the  intersubband  QCL  (IMB: 
9.7  kA/cm^)  for  this  particular  laser  ridge  is  achieved. 

Following  the  literature,  the  threshold  condition  of 
a  QCL  [21]  can  be  written  as 

_  (g^  -f-  gvv)£o2?7lp2y 

T||(l  -  T|/Tl|,|)47lerz2' 

For  the  intersubband  quantum  cascade  laser  struc¬ 
ture  (interminiband  QCL  structure)  described  above 
and  a  given  laser  wavelength  of  2=10  pm  (IMB: 
2  =  13  pm)  this  accounts  to  a  threshold  current  den¬ 
sity  of  ^th  =  3.9  kA/cm^  (IMB:  Jth  =  6.0  kA/cm^); 
we  assumed  mirror  losses  am  =  7  cm“',  waveguide 
losses  g^v  =  16  cm~'  (IMB:  a^  =  30  cm“* ),  effective 
refractive  index  «  =  3.21  (IMB:  «  =  3.15),  the  length 
of  one  cascade  Lp  =  45  nm  (IMB:  Lp  =  83  nm),  the 
FWHM  (from  electroluminescence  measurements) 
2y  ^  \5  meV,  the  confinement  factor  F  and  the  non- 
radiative  lifetimes  of  the  subband  (miniband)  states 
and  the  transition  dipole  matrix  elements  are  given 
above.  The  discrepancy  between  the  measured  and  the 
computed  threshold  current  density  can  be  explained 
by  the  underestimation  of  the  waveguide  losses  as 
well  as  additional  losses  in  the  SiN  insulation  layers. 

Assuming  a  collection  efficiency  of  40-50%  for 
the  ridges  we  estimated  the  total  optical  peak  power 
at  10  K  to  be  about  300  mW  (IMB:  100  mW).  The 
laser  operates  up  to  a  temperature  of  about  140  K 
(IMB:  50  K). 

Fig.  4a  shows  a  typical  current-voltage  curve  of  a 
micro-cavity  intersubband  QCL  structure  (IMB: 
Fig.  4b)  at  10  K.  Again,  the  pulsed  light-current  (LI) 
characteristics  are  taken  at  the  same  run.  The  thresh¬ 
old  cunent  density  for  the  intersubband  micro-cavities 
(minimum  value:  6.5  kA/cm^)  is  smaller  than  the 
threshold  for  the  ridge  laser  bars  made  from  the  same 
material  (9.0  kA/cm^);  this  is  due  to  reduced  mirror 


current  [A] 


Fig,  4.  Voltage  and  integral  optical  output  versus  current  char¬ 
acteristic  of  a  micro-cavity  at  10  K:  (a)  intersubband  QC  laser 
stmcture;  (b)  interminiband  QC  laser  structure. 

losses  as  mentioned  above.  Decreasing  the  size  of 
the  micro-cylinders  leads  to  a  strong  increase  of  the 
threshold  current  density  for  disk  radii  below  50  pm 
[14,15].  The  I-V  shown  in  Fig.  4a  is  the  smallest 
GaAs  micro-cavity  that  showed  lasing.  The  threshold 
current  for  this  particular  micro-cylinder  with  a  radius 
of  22  pm  is  the  lowest  threshold  current  reported  for 
that  material  system  (170  mA),  giving  a  threshold 
current  density  of  12.5  kA/cm^.  The  radius  of  the 
interminiband  QC  micro-cylinder  shown  in  Fig.  4b  is 
50  pm,  with  a  measured  threshold  current  of  700  mA. 
This  accounts  to  a  current  density  of  8.9  kA/cm^;  as 
expected,  this  value  is  below  the  value  for  the  ridge 
waveguide  bar. 
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Fig.  5.  Comparison  of  typical  emission  spectra  of  a  ridge  waveg¬ 
uide  structure  and  a  micro-cavity  at  10  K;  (a)  intersubband  QC 
laser  structure;  (b)  interminiband  QC  laser  stmcturc. 

In  Fig.  5a  (Fig.  5b)  the  spectral  behavior  of  the  in- 
tersubband  (IMB)  QC  laser  stmcturc  is  shown  for  a 
ridge  waveguide  and  a  micro-cavity  laser.  All  spec¬ 
tra  shown  here  arc  taken  at  a  heat-sink  temperature 
of  10  K.  The  resolution  of  the  measurement  is  lim¬ 
ited  by  the  resolution  of  the  step  scan  FTIR  spec¬ 
trometer  (0.5  wave  numbers).  Both,  cylinders  and 
ridges,  arc  characterized  using  the  same  measurement 
set-up.  The  ridge  waveguide  structures  show  the  typ¬ 
ical  multi-mode  spectra  for  ridge  laser  bars  with  lon¬ 
gitudinal  modes.  The  mode  spacing  of  the  spectra 
agrees  with  the  length  of  the  laser  bars  and  the  re¬ 


fractive  index  of  the  stmetures.  For  the  intersubband 
structure  (Fig.  5a)  the  Fabry-Perot  modes  of  the  ridge 
waveguide  can  be  resolved  between  9.9  and  10.15  pm 
(985-1010  wave  numbers).  This  is  in  excellent  agree¬ 
ment  with  the  designed  wavelength  of  10  pm.  The 
micro-cavity  laser  shows  a  single  peak  at  10.008  pm 
(999  wave  numbers).  For  this  particular  cylinder  with 
a  radius  of  60  pm  the  mode  spacing  can  be  calculated 
using  the  the  following  equation  [22,23]: 

A2  =  )?/2KRnc{[. 

The  mode  spacing  A2  for  whispering-galleiy  modes 
amounts  to  ^  0.08  pm;  the  radial  mode  spacing  is 
larger  by  a  factor  n.  The  spectral  response  (Fig.  5a) 
of  the  intersubband  micro-cavity  shows  clearly  a 
single-mode  behavior  with  a  side  mode  suppression 
ratio  (SMSR)  greater  than  25  dB;  this  upper  value  is 
given  by  the  background  noise  of  our  setup. 

The  mode  spectrum  of  a  ridge  waveguide  laser, 
based  on  interminiband  transitions,  is  shown  in 
Fig.  5b.  Different  modes  between  772  and  776  cm“  ’ 
12.9  pm)  can  clearly  be  seen.  The  small  deviation  in 
the  calculated  wavelength  (12.5  pm)  may  be  due  to 
uncertainties  in  the  growth  calibration  (layer  thick¬ 
ness)  as  well  as  changes  in  the  doping  concentra¬ 
tion  in  the  layers  and  thickness  fluctuations  over  the 
wafer.  This  is  supported  by  the  faet,  that  the  wave¬ 
length  of  the  micro-cavity  processed  from  the  same 
material  is  shifted  by  8-9  wave  numbers  to  higher 
energies  from  the  Fabry-Perot  modes  of  the  ridges.  A 
single-mode  spectrum  of  a  micro-cavity  laser  with  a 
radius  of  70  pm  is  shown  in  Fig.  5b.  For  this  particu¬ 
lar  laser  the  modespacing  AX  for  whispering-gallery 
modes  amounts  to  ^  0.12  pm  1  wave  numbers); 
the  SMSR  is  again  better  then  25  dB. 

In  summary,  we  have  reported  on  GaAs-based 
quantum  cascade  lasers.  Active  regions  with  intersub¬ 
band  and  interminiband  transitions  have  been  investi¬ 
gated.  GaAs/AlGaAs  quantum  cascade  micro-eavity 
lasers  have  been  successfully  processed  and  com¬ 
pared  to  ordinary  ridge  waveguide  lasers  made  from 
the  very  same  materials.  Threshold  eurrent  densities 
for  the  micro-cavity  lasers  are  significantly  smaller 
than  threshold  current  densities  of  the  ridge  wave¬ 
guides.  Single-mode  emission  with  more  than  25 
dB  side  mode  suppression  has  been  observed  for 
the  micro-cavities.  In  conclusion  we  have  demon¬ 
strated  the  first  operation  of  a  quantum  cascade 
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interminiband  micro-cavity  laser  in  the  GaAs/AlGaAs 
material  system.  The  operating  wavelength  of  this 
superlattice  laser  is  found  to  be  about  13  pm.  This 
is  the  longest  wavelength  reported  for  an  electrically 
pumped  GaAs/AlGaAs  laser  so  far. 
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Abstract 

We  present  a  comparison  of  the  lasing  characteristies  for  two  nearly  identical  GaAs— AlGaAs  quantum  cascade  lasers 
with  an  optimised  InGaAs-AllnAs  device  operating  at  a  similar  wavelength.  The  effects  on  the  laser  performance  resulting 
from  modifications  to  the  upper  lasing  state  lifetime  and  optical  transition  matrix  element  for  the  GaAs-AlGaAs  devices 
are  investigated  by  selectively  altering  the  aluminium  composition  of  a  single  barrier  within  the  active  region.  The  sample 
containing  an  AhuGao.bAs  barrier  exhibits  a  lower-threshold  current  density  (3.75  kA/cm^)  and  increased  slope  efficiency 
(280  mW/A)  at  10  K  relative  to  the  sample  with  an  Alo.33Gao.67As  barrier,  consistent  with  calculations.  ©  2000  Elsevier 
Science  B.V.  All  rights  reserved. 

Keywords:  Quantum  cascade  lasers;  Gallium  arsenide;  Temperature  performance 


There  has  been  considerable  development  of  inter¬ 
subband  quantum  cascade  (QC)  lasers  [1]  in  recent 
years.  Whilst  these  mid-infrared  sources  were  origi¬ 
nally  developed  in  the  InGaAs-AlInAs  material  sys¬ 
tem,  intersubband  electroluminescence  [2,3]  (EL)  and 
lasing  [4,5]  have  also  been  demonstrated  recently  in 
GaAs-AlGaAs  devices.  In  addition  to  being  the  most 
widely  developed  compound  semiconductor  materials 
system,  GaAs-AlGaAs  offers  significant  flexibility  in 
QC  laser  design  due  to  the  good  lattice  matching  over 
the  full  alloy  composition.  In  this  paper,  we  present  the 
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lasing  characteristics  of  dry-etched  GaAs-AlGaAs  QC 
lasers  and  compare  their  performance  with  that  of  an 
optimised  InGaAs-AlInAs  device  operating  at  a  simi¬ 
lar  wavelength.  The  role  of  the  upper  state  confinement 
in  determining  the  performance  of  the  GaAs-AlGaAs 
lasers  is  investigated  by  varying  the  aluminium  com¬ 
position  of  a  single  barrier  in  the  active  region. 

Fig.  1(a)  shows  the  band  profile  of  the  GaAs- 
Alo.33Gao.67As  laser  under  operating  conditions.  The 
sample,  grown  by  MBE,  is  based  on  a  design  pub¬ 
lished  in  Ref  [5]  and  contains  30  periods,  each  con¬ 
sisting  of  an  active  region,  where  the  intersubband 
emission  occurs  and  an  injection/bridging  region. 
The  30  period  core  region  is  sandwiched  between 
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Fig.  1.  (a)  A  section  of  the  conduction  band  profile  of  the  GaAs- 
Alo.33Gao.67 As  device,  (b)  Cross-sectional  SEM  image  showing 
the  laser  ridge, 

Alo.9Gao.1As  cladding  layers  to  form  the  waveguide. 
The  wafer  was  processed  into  mesa-etched  ridge 
waveguides  of  widths  10-20  pm  by  reactive  ion 
etching  (RIE)  using  SiCU  gas.  The  use  of  RIE  allows 
us  to  define  the  ridge  by  etching  narrow  ( <  5  pm) 
channels  as  shown  in  Fig.  1(b). 

A  section  of  the  conduction  band  profile  for  the 
InGaAs-AlInAs  device  is  shown  in  Fig.  2(a).  The 
MBE-grown  sample  is  based  on  the  design  published 
in  Ref  [6].  An  SEM  of  a  typical,  wet-etched,  laser 
ridge  is  shown  in  Fig.  2(b). 

After  processing,  the  samples  were  cleaved  into  bars 
1-3  mm  long  and  indium-soldered  epilayer  up  to  cop¬ 
per  holders,  wire  bonded  and  mounted  on  the  cold  fin¬ 
ger  of  a  closed-cycle  helium  cryostat.  Voltage  pulses 
of  50  ns  duration  with  a  repetition  rate  of  1  kHz  were 
applied  across  the  device  and  the  emitted  radiation 
was  detected  using  a  calibrated  HgCdTe  detector. 

Fig.  3(a)  shows  the  peak  optical  power  from  a 
single  facet  versus  the  injection  current  for  an 
InGaAs-AlInAs  device  2.5  mm  long  and  15  pm  wide 
at  various  heatsink  temperatures.  A  threshold  current 
density  /th  =  3  kA/cm^  and  peak  optical  power  up  to 
700  mW  are  measured  at  10  K,  and  lasing  is  observed 
up  to  270  K.  Fig.  3(b)  shows  pulsed  light  output 
versus  injection  current  measured  using  the  same  ex¬ 


ACTIVE  (a) 

REGION 

M  ll  n  INJECTOR 


Fig.  2.  (a)  Conduction  band  diagram  for  the  InGaAs-AlInAs 
structure,  (b)  SEM  of  the  laser  cavity. 


citation  conditions  for  a  GaAs-Alo.33Gao.67 As  device 
2  mm  long  and  20  pm  wide.  A  threshold  current 
density  7th  =  4.6  kA/cm^  and  peak  optical  power  up 
to  400  mW  are  measured  at  10  K  and  lasing  is  ob¬ 
served  up  to  160  K.  The  larger  value  of  Jih  measured 
for  the  GaAs-Alo.33Gao.67 As  device  is  probably  due 
to  higher  waveguide  losses  (ocvv)  due  to  free  cairier 
absorption  in  the  more  heavily  doped  cladding  layers 
relative  to  the  InGaAs-AlInAs  sample. 

The  inset  of  Fig.  3(b)  shows  the  temperature  depen¬ 
dence  of  7th  for  tfio  samples.  The  observed  increase 
in  7th  by  a  factor  of  ^2  up  to  270  K  for  the  InGaAs- 
AlInAs  device  can  be  explained  by  the  increase  in 
non-radiative  (optical  phonon)  scattering  [7].  How¬ 
ever,  7th  measured  for  the  GaAs-Alo.33Gao.67 As  sam¬ 
ple  increases  rapidly  above  ^120  K  indicating  that 
the  dominant-temperature-dependent  loss  mechanism 
is  not  optical  phonon  scattering.  There  are  a  num¬ 
ber  of  factors  which  may  limit  the  high-temperature 
performance  of  the  GaAs-Alo.33Gao.67  As  device.  It  is 
unlikely  that  an  increase  in  free  carrier  absorption  (in¬ 
creasing  a^v)  at  higher  temperatures  due  to  thermal 
ionisation  of  donors  in  the  Alo.9Gao.1As  cladding  is 
responsible  for  the  observed  behaviour.  This  is  be¬ 
cause  a  very  similar  temperature  dependence  of  7th  is 
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Fig.  3.  Peak  optical  power  from  a  single  facet  versus  injection  cur¬ 
rent  at  various  heat  sink  temperatures  for  (a)  the  InGaAs-AlInAs 
and  (b)  GaAs--Al()  33Gao.f,7As  devices.  The  inset  shows  the  thresh¬ 
old  current  density  as  a  function  of  temperature  for  the  In- 
GaAs-AllnAs  (#),  GaAs-Al(03Ga().67As  (▼)  lasers  and  device 
with  a  single  GaAs-Al().4Ga()/,As  barrier  (A)  in  the  active  region. 

measured  for  GaAs-AlGaAs  lasers  clad  with  heavily 
doped  GaAs  [8]  which  has  a  donor  ionisation  energy 

5  meV  compared  to  ~  60  meV  for  Alo.9Gao.i  As. 
Other  explanations  arc  that  the  population  inversion  is 
reduced  as  a  result  of  intcrvalley  scattering  of  E3  elec¬ 
trons  into  the  X  and  L  valleys  or  thermally  assisted 
tunnelling  from  E3.  Both  of  these  effects  are  expected 
to  be  more  significant  for  the  GaAs-Alo.33Gao.67 As 
sample  due  to  the  energetic  proximity  of  the  satellite 
valleys  and  the  smaller  confinement  energy  of  the  up¬ 
per  lasing  state  relative  to  the  InGaAs-AlInAs  device. 

In  an  attempt  to  determine  the  significance  of  the 
upper  lasing  state  (E3)  confinement  on  laser  perfor¬ 
mance  we  have  studied  another  GaAs-AlGaAs  sam¬ 
ple  '  in  which  the  aluminium  composition  of  a  sin¬ 
gle  barrier  in  the  active  region  has  been  increased. 
Fig.  4(a)  shows  the  active  region  F  and  X  conduc- 


'  Approximately  10  devices  fabricated  fiom  each  wafer  have 
been  studied.  All  devices  exhibit  very  similar  trends  in  performance 
to  those  reported  here,  however  the  wider  (20  pm)  ridges  have 
the  best  characteristics  for  both  samples. 


Current  (A) 


Fig.  4.  r  and  X  conduction  band  profiles  and  moduli  squared 
of  the  wave  functions  for:  (a)  the  GaAs-Al()  33Gao,67As  device 
(sample  A);  (b)  the  sample  containing  a  single  GaAs-Alo,4Ga(),r,As 
barrier  (sample  B);  (c)  peak  optical  power  from  a  single  facet 
versus  injection  current  measured  at  1 1  K  for  the  sample  A  (dashed 
line)  and  sample  B  (solid  line).  The  inset  shows  the  very  similar 
emission  wavelength  for  sample  A  (lower  lasing  spectrum)  and 
sample  B  (upper  lasing  spectrum). 

Table  1 

Showing  the  calculated  values  of  the  upper  state  lifetime  (13), 
dipole  matrix  element  for  the  E3-E2  transition  {zi2),  and  threshold 
cun-ent  density  (7th )  for  the  two  samples 


Sample  A 

Sample  B 

^3  (ps) 

2.3 

4.2 

T32  (ps) 

5.2 

10.0 

Z32  (A) 

11.0 

8.5 

7ih  (kA/cm^) 

2.8 

2.5 

tion  band  profiles  for  the  GaAs-Alo.33Gao.67  As  device 
(sample  A)  and  Fig.  4(b)  shows  those  of  the  sample 
containing  the  Alo.4Gao.6As  barrier  (sample  B).  Op¬ 
tical  matrix  elements  and  optical  phonon  scattering 
rates  [9]  have  been  calculated  for  the  two  structures 
and  are  summarised  in  Table  1, 

The  main  effect  of  increasing  the  aluminium  frac¬ 
tion  of  barrier  A  (Alo.4Gao.6As,  Fig.  4(b))  is  to  in¬ 
crease  the  localisation  of  the  E3  wave  function  in  the 
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quantum  well  immediately  to  the  left  of  the  barrier. 
Increasing  the  spatially  indirect  nature  of  the  E3-E2 
transition  in  this  way  doubles  the  upper  state  lifetime, 
13  ^{x'^2  reduces  the  transition  ma¬ 

trix  element,  Z32,  from  11  to  8.5  A  relative  to  sample 
A.  Assuming  unity  injection  efficiency  into  E3,  the 
threshold  current  density  can  be  expressed  as  [10] 

j  _  f>0^^p'^(2'y32)(<^m  ^w) 

47reA^prp(Z32)2[T3{l  -  T2A32}]’ 

where  ao  is  the  vacuum  permittivity,  n  is  the  mode  re¬ 
fractive  index,  is  the  length  of  each  period,  A  is  the 
emission  wavelength  9.5  pm  for  both  samples), 
732  is  the  full-width  at  half-maximum  of  the  sponta¬ 
neous  emission,  the  mirror  losses,  and  Tp  are 
the  number  of  periods  and  confinement  factor  of  each 
period,  respectively,  and  T2  =  0.6  ps  the  lifetime  of  E2. 
Eq.  (1)  predicts  a  10%  decrease  in  Jth  for  the  sample 
B  relative  to  sample  A.  In  addition,  a  1 0%  increase  in 
the  slope  efficiency, 

^  ^2) 
dl  26(0{m  -f- Ofvv)  _  ^32. 

is  also  predicted  for  sample  B. 

The  peak  optical  power  versus  drive  current  for  both 
devices  measured  at  11  K  is  shown  in  Fig.  4(c).  The 
measured  value  of  Jth  "3.75  kA/cm^  for  sample  B 
is  approximately  15%  lower  than  Jth  (=4.4  kA/cm^) 
measured  for  sample  A,  both  values  of  Jth  being  larger 
than  those  calculated  using  Eq.  (2)  due  to  non-unity 
injection  efficiency  and  parallel  current  paths  such  as 
those  discussed  above.  In  addition,  the  slope  efficiency 
measured  for  sample  B  (280  mW/A)  is  approxi¬ 
mately  20%  larger  than  that  measured  for  sample  A 
(230  mW/A)  in  the  linear  regime  ( <  2.75  A).  These 
measured  values  are  in  reasonable  agreement  with  the 
improvements  in  performance  calculated  for  sample 
B  using  Eqs.  (1)  and  (2).  The  measured  temperature 
dependence  of  Jth  for  the  two  samples  is  very  similar 
(inset  of  Fig.  3(b)),  indicating  that  the  confinement 
of  the  E3  level  is  not  the  dominant  factor  affecting 


the  temperature  performance  of  this  sample  design. 
We  are  currently  investigating  modifications  to  the 
design  of  the  bridging  region  in  an  attempt  to  improve 
temperature  performance. 

In  summary,  we  have  compared  the  performance  of 
GaAs-AlGaAs  and  InGaAs-AlInAs  QC  lasers.  The 
threshold  current  density  measured  for  the  GaAs- 
AlGaAs  laser  exhibits  a  sudden  increase  above  100 
K,  in  contrast  to  the  InGaAs-AllnAs  device.  Im¬ 
provements  in  the  low-temperature  perfonnance  of 
the  GaAs-AlGaAs  design  have  been  achieved  by 
increasing  the  aluminium  composition  of  a  single 
barrier  in  the  active  region.  However,  the  temperature 
dependence  of  the  threshold  current  for  the  modified 
laser  is  very  similar,  suggesting  that  the  confinement 
of  the  upper  lasing  state  is  not  the  dominant  factor 
limiting  high-temperature  performance. 
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Abstract 

We  report  on  high-power  GaAs/AlGaAs  quantum  fountain  unipolar  lasers  emitting  at  14-15  pm  under  optical  pumping  by 
a  pulsed  COi  laser.  Two  kinds  of  devices  were  investigated:  edge  lasers  with  side-facet  pumping  and  broad-area  lasers  with 
a  patterned  top  grating  for  coupling  the  pump  at  normal  incidence.  Collected  optical  powers  as  high  as  4.16  W  corresponding 
to  an  estimated  power  per  facet  of  17.6  W  have  been  achieved  in  TMoo  mode  for  broad-area  lasers.  The  lasing  wavelength 
is  shown  to  be  tunable  (AA/i  2.5%)  by  changing  the  pump  wavelength.  Broad-area  lasers  exhibit  excellent  beam  quality 
with  very  low  in-planc  divergence  in  TMoo  mode.  Mode  hopping  is  observed  under  intense  pumping.  ©  2000  Published  by 
Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Unipolar  emission  between  confined  subbands 
in  semiconductor  hetcrostructures  relies  on  radia¬ 
tive  transitions  of  only  one  type  of  canier.  The 
non-radiative  relaxation  of  electrons  is  largely  domi¬ 
nated  by  the  very  efficient  scattering  of  electrons  by 
longitudinal  optical  (LO)  phonons.  Typical  electron 
lifetimes  in  the  excited  state  are  of  the  order  of  the 
picosecond  and  an  efficient  injection  mechanism  is  re- 
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quired  for  achieving  population  inversion.  In  quantum 
cascade  (QC)  lasers,  efficient  injection  is  provided  by 
resonant  tunneling  of  electrons  between  injector  re¬ 
gions  and  the  active  quantum  wells  [1].  In  quantum 
fountain  (QF)  lasers,  selective  optical  excitation  is 
used  to  promote  electrons  from  the  ground  state  to  the 
upper  state  of  the  active  quantum  wells  [2]. 

The  first  observation  of  intersubband  luminescence 
in  optically  pumped  quantum  wells  was  reported  by 
Bales  and  co-workers  [3]  using  a  quantum  well  struc¬ 
ture  designed  for  achieving  intersubband  emission 
at  far-infrared  wavelengths,  i.e.  at  photon  energies 
well  below  the  optical  phonon  energy,  in  order  to 
benefit  from  the  long  scattering  times  associated 
with  acoustic  phonon  emission.  Several  studies  have 
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addressed  the  possibility  of  population  inversion  at 
these  wavelengths  [4-6].  The  QF  laser  seheme  for 
emission  at  energy  above  the  LO-phonon  energy  was 
first  proposed  in  1995  [7].  Experimentally,  intersub¬ 
band  spontaneous  emissions  have  been  observed  at 
wavelengths  of  14—15  pm  in  GaAs/AlGaAs  coupled 
quantum  wells  under  intersubband  optical  pumping 
by  a  cw  CO2  laser  [8].  Observation  of  intersubband 
luminescence  has  also  been  reported  under  interband 
optical  pumping  at  near-infrared  wavelengths  [9]. 
Population  inversion  in  a  QF  laser  scheme  was  first 
demonstrated  in  1996  under  optical  pumping  by  an 
infrared  free-electron  laser  and  large  stimulated  gains 
have  been  measured  at  12.5  pm  wavelength  [10,11]. 
Lasing  action  was  reported  at  {X=  15.5  pm  in  1997 
under  optical  pumping  by  a  CO2  laser  [2].  This  first 
Quantum  Fountain  unipolar  laser  delivered  0.6  W 
optical  power  per  facet  and  had  a  maximum  operat¬ 
ing  temperature  of  1 10  K.  With  no  current  flow,  the 
design  of  a  QF  laser  does  not  require  doping  of  the 
cladding  layers  as  well  as  metal  contacts,  low  internal 
losses  due  to  free-carrier  absorption  can  be  achieved 
at  long  wavelengths.  QF  lasers  are  then  expected  to 
exhibit  better  performances  in  terms  of  optical  power 
than  QC  lasers  at  long  wavelengths  above  10  pm. 

In  this  paper  we  review  recent  developments  on 
QF  lasers  emitting  in  the  14-15  pm  wavelength  range 
under  optical  pumping  by  a  pulsed  CO2  laser.  We 
report  on  two  kinds  of  GaAs/AlGaAs  devices:  edge 
lasers  with  side-facet  pumping  [12]  and  broad-area 
lasers  with  a  patterned  top  grating  for  coupling  the 
pump  at  normal  incidence.  Collected  optical  powers 
as  high  as  2.3  and  4.16  W  in  TMoo  mode  have  been 
achieved  for  edge  and  broad-area  lasers,  respectively. 
The  lasing  wavelength  is  shown  to  be  tunable  ( A2/2  ~ 
2.5%)  by  changing  the  pump  wavelength.  Broad-area 
lasers  exhibit  excellent  modal  quality  with  a  very  low 
in  plane  divergence  in  TMqo  mode.  Mode  hopping  is 
observed  under  intense  pumping. 

2.  Principle  of  operation  and  sample  design 

The  operation  of  the  QF  laser  relies  on  the  radiative 
transition  of  electrons  between  bound  states  of  asym¬ 
metric  coupled  quantum  wells  (ACQW).  The  con¬ 
duction  band  energy  profile  of  AlGaAs/GaAs  ACQW 
is  shown  in  Fig.  1.  In  order  to  populate  the  ground 


a)  b) 


Growth  axis  in-plane  momentum 

Fig.  1.  (a)  Conduction  band  profile  of  the  active  quantum  wells  of  a 
quantum  fountain  unipolar  laser,  (b)  corresponding  subband  energy 
dispersion  diagram.  The  arrows  indicate  non-radiative  relaxation 
channels  via  LO-phonon  emission.  The  LO-phonon  energy  in 
GaAs  is  E]^o  =  36  meV. 


electron  subband,  the  structure  is  n-doped  either  in 
the  wells  or  in  the  barriers  (modulation  doping).  The 
structure  is  asymmetric  to  allow  direct  optical  pump¬ 
ing  of  electrons  from  the  ground  state  (ei )  to  the  sec¬ 
ond  excited  state  (03).  The  emission  takes  place  be¬ 
tween  the  second  and  the  first  excited  subband  (es 
e2).  Fast  recycling  of  electrons  from  the  first  excited 
state  into  the  ground  state  (e2  ^  ei)  is  provided  by 
insuring  an  enhanced  scattering  with  LO  phonons. 
The  pump  and  emission  wavelength  can  be  tuned  in 
the  mid-infrared  range  through  a  proper  choice  of  the 
thickness  and  composition  of  the  five  layers  of  the 
structure  (the  two  GaAs  wells,  the  thin  AlGaAs  cou¬ 
pling  barrier  and  the  two  outermost  AlGaAs  confining 
barriers). 

Population  inversion  in  such  a  three-level  system 
can  be  achieved  if  the  lifetime  of  electrons  in  the 
e2  subband  is  made  shorter  than  the  scattering  time, 
T32,  between  the  e3  and  62  subbands.  As  shown  in 
Ref  [7],  the  scattering  rate  between  subbands  can  be 
engineered  by  adjusting  the  subband  energy  separa¬ 
tion.  In  particular,  the  structure  can  be  designed  to 
present  an  energy  spacing  between  the  first  excited 
and  ground  subbands  close  to  the  LO-phonon  energy. 
Non-radiative  relaxation  of  one  electron  from  e2  to 
Cl  is  then  almost  vertical  in  the  reciprocal  space, 
as  the  momentum  wave  vector  exchanged  between 
the  phonon  and  the  electron  is  small  (A/c  =  ^  0). 

The  electron-LO  phonon  interaction  rate  scales  as 
1/l^p  in  bulk  semiconductors,  and  one  can  achieve  a 
strong  enhancement  of  the  e2-ei  intersubband  scat¬ 
tering  rate  in  this  situation.  A  detailed  analysis  of  the 
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clcctron-phonon  interaction  for  engineering  the  scat¬ 
tering  rates  between  subbands  in  ACQW  taking  into 
account  the  presence  of  confined  phonon  modes  has 
been  reported  in  Ref.  [13].  At  low  carrier  concentra¬ 
tions  1  X  10^'  cm"“,  typical  scattering  times  are 
calculated  to  be  toi  ~  0.4  ps  and  T32  ~  1.9  ps  for  an 
ACQW  structure  with  ^21  =  ^lo  and  E^\  —  125  mcV. 
Although  the  scattering  times  are  quite  short,  their 
large  difference  ensures  population  inversion.  At 
larger  carrier  concentrations,  i.e.  for  a  Fermi  energy  at 
equilibrium  above  the  ground  subband,  it  is  desirable 
to  increase  the  energy  of  the  second  subband  with 
respect  to  the  ground  subband  in  order  to  minimize 
the  thermal  population  of  the  e2  subband.  Under  such 
conditions,  12 1  is  expected  to  increase  to  ~  1  ps  but 
population  inversion  can  still  be  maintained  and  large 
stimulated  gains  are  predicted  in  optimized  structures 
[14]. 

Based  on  these  considerations,  a  laser  sample 
has  been  designed  for  emission  in  the  14-15  pm 
wavelength  range  under  optical  pumping  by  a  CO2 
laser.  The  active  structures,  separated  by  20  nm 
thick  Alo,35Gao.65As  barriers,  are  asymmetric  coupled 
quantum  wells  formed  by  a  7.9  nm  thick  GaAs  wide 
well,  a  1.1  nm  thick  Alo.35Gao.65 As  barrier  and  a 
5.1  nm  thick  GaAs  narrow  well.  The  quantum  wells 
are  modulation  doped  resulting  in  a  measured  sheet 
carrier  density  of  2  x  10’ '  cm“^.  The  transition  ener¬ 
gies  are  calculated  to  be  127  and  86.8  meV  for  61-63 
and  62-63  transitions,  respectively.  The  62-61  energy 
spacing  is  40.2  meV  which  is  as  desired  slightly 
above  the  LO-phonon  energy  in  GaAs  (36  meV). 
The  waveguide  structure  grown  by  molecular  beam 
epitaxy  on  an  n-doped  GaAs  substrate  consists  of  a 
5  pm  thick  Alo.oGao.iAs  cladding  layer,  followed  by 
a  0.75  pm  thick  GaAs  core  layer,  the  5.1  pm  thick 
multi-quantum  well  layer  and  a  1.75  pm  thick  GaAs 
cap  layer.  The  waveguide  is  designed  to  be  single 
mode  at  both  the  pump  and  the  emission  wavelength. 

With  respect  to  our  first  QF  laser  emitting  at 
15.5  pm  wavelength  [2],  the  present  design  is  en¬ 
hanced  in  order  to  improve  both  the  net  gain  and 
the  maximum  operating  temperature  of  the  laser.  The 
number  of  active  quantum  wells  has  been  increased 
from  100  to  150  and  the  waveguide  is  designed  to 
achieve  a  large  81.1%  overlap  of  the  emitted  TMqo 
mode  within  the  active  region.  To  increase  the  oper¬ 
ating  temperature,  we  increased  the  energy  separation 


Fig.  2.  (a)  Side-facet  optical  pumping  configuration,  (b)  Oscillo¬ 
scope  traces  of  the  9.6  pm  pump  (top  curve)  and  14.5  pm  QF 
laser  (bottom  curve)  pulses.  The  QF  laser  is  cooled  at  20  K. 


between  62  and  ei  which  was  set  at  41  meV.  Based  on 
Fourier  transform  infrared  (FTIR)  spectroscopie  mea¬ 
surements,  we  estimate  the  waveguide  losses  to  be 
?:i20cm~’  at  the  14.5  pm  emission  wavelength. 
These  losses  are  mainly  attributed  to  free  carrier  ab¬ 
sorption  in  the  doped  MQW  active  region.  The  mea¬ 
surements  also  reveal  a  two-phonon  absorption  band 
at  13.8  pm,  which  is  attributed  to  the  mixed-mode 
Al-Ga  optical  phonons  in  the  thick  Alo.gGao.iAs 
cladding  layer  [15]. 


3.  Edge  lasers  with  side-facet  pumping 

Fig.  2(a)  shows  the  experimental  set-up  for  edge 
lasers  with  side-facet  pumping.  The  2.15  mm  long 
cleaved  samples  are  mounted  on  the  cold  finger  of 
a  variable  temperature  cryostat.  Optical  pumping  is 
provided  by  a  tunable  Edinburgh  MTL-3  mini-TEA 
CO2  laser  operated  at  10  Hz  repetition  rate.  The  pump 
pulse  delivered  by  the  multimode  longitudinal  CO2 
laser  consists  of  micropulses  with  a  2.6  ns  fiill-width 
at  half-maximum  (FWHM)  in  a  macropulse  with 
110  ns  FWHM.  The  pump  beam  is  focused  using  a 
cylindrical  lens  onto  the  2.15-mm-long  side-facet  of 
the  sample  with  a  polarization  parallel  to  the  growth 
axis.  The  elliptical  pump  spot  size  is  5  x  0.4  mm^ 
at  the  sample  facet  with  the  shorter  axis  perpendic¬ 
ular  to  the  layer  plane.  In  this  configuration,  lateral 
confinement  of  the  emission  is  provided  by  index 
guiding  at  the  interface  between  the  side-facet  and 
air  and  by  gain  guiding  on  the  other  side.  The  lateral 
extent  of  the  gain  region  is  then  of  the  order  of  the 
penetration  length  of  the  pump  beam.  For  pump  inten¬ 
sities  lower  than  the  saturation  intensity  of  the  61-63 
absorption  \  MW  cm”^),  this  length  is  of  the 
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order  of  10  fim,  and  increases  with  pump  intensity. 
The  emission  is  collected  from  one  of  the  cleaved 
facets  perpendicular  to  the  side-facet  with  a  //1. 2 
ZnSe  lens.  Time-resolved  detection  is  performed 
by  a  helium-cooled  quantum  well  infrared  detector 
(QWIP)  with  a  cut-off  wavelength  of  18  pm  and  a 
sensitive  area  of  0.45  x  1.5  mm^.  This  detector  has  a 
linear  response  even  under  intense  irradiation  [16], 
but  its  rise  time  is  limited  by  electronics  at  5  ns,  which 
is  too  slow  to  resolve  the  multimode  beatings  of  the 
pump.  Part  of  the  incident  pump  beam  is  detected  for 
reference  purposes  by  a  room-temperature  HgCdTe 
photoconductor  with  a  rise  time  of  ^  1  ns.  The 
spectral  response  of  both  the  detectors  and  the  various 
optics  has  been  carefully  calibrated  using  our  FTIR 
spectrometer.  This  side-facet  pumping  configuration 
offers  the  advantage  of  simplicity  for  coupling  the  TM 
polarized  pump  beam  into  the  active  layers.  However, 
the  pumping  efficiency  remains  dramatically  small. 
Based  on  simple  geometric  considerations,  less  than 
1.5%  of  the  incident  pump  energy  is  used  to  pump  the 
QF  laser.  This  figure  may  be  largely  overestimated 
since  it  does  not  account  for  the  effective  coupling 
of  the  pump  into  the  waveguide,  which  is  presently 
unknown. 

Lasing  action  has  been  achieved  at  20  K  under  op¬ 
tical  pumping  at  9.6  pm  wavelength.  Fig.  2(b)  shows 
typical  oscilloscope  traces  of  the  pump  and  laser 
pulses.  The  laser  emission  follows  the  pump  signal 
above  some  threshold.  The  pump  threshold  evolution 
versus  pump  wavelength  and  sample  temperature  is 
reported  in  Fig.  3.  For  temperatures  between  20  and 
77  K,  the  pump  threshold  is  of  the  order  of  33  kW  at 
9.46  pm.  It  decreases  to  12  kW  (corresponding  to  an 
energy  incident  on  the  facet  1.25  mJ)  as  the  pump 
wavelength  gets  in  closer  resonance  with  the  ei-e3 
intersubband  absorption  near  9.6  pm.  At  120  K,  the 
minimum  threshold  ^  kW  is  achieved  at  a  longer 
wavelength  of  9.66  pm.  This  slight  increase  of  the  op¬ 
timum  pump  wavelength  is  due  to  the  red-shift  of  the 
intersubband  resonance  with  temperature.  As  seen, 
the  minimum  threshold  is  somewhat  larger  at  120 
than  at  77  K.  This  increase  is  a  consequence  of  the 
thermal  population  of  the  e2  subband,  which  reduces 
the  available  gain.  Above  120  K,  the  intersubband 
resonance  wavelength  shifts  to  /  >  9.7  pm  which  is 
outside  the  tuning  range  of  our  CO2  laser  over  the  9P 
emission  branch.  Thus,  a  maximum  operating  tem¬ 


perature  of  135  K  has  been  achieved  under  optical 
pumping  at  9.68  pm.  We  stress  that  the  main  intrinsic 
mechanism  limiting  the  operating  temperature  is  the 
gain  reduction  due  to  the  thermal  population  of  the 
second  subband.  Larger  operating  temperatures  could 
be  achieved  by  maintaining  resonant  pumping  condi¬ 
tions.  One  way  to  increase  the  operating  temperature 
is  to  slightly  modify  this  structure  in  order  to  shift  the 
pump  absorption  resonance  to  shorter  wavelengths 
for  compensating  the  temperature  red-shift  of  the 
resonance. 

To  estimate  the  collection  efficiency,  we  have 
performed  output  beam  profile  divergence  measure¬ 
ments.  Single  mode  TMqo  emission  is  achieved  in  the 
investigated  range  of  pump  power.  The  divergence 
angle  in  the  plane  of  the  layer  is  found  to  be  26°,  which 
corresponds  to  a  beam  waist  at  the  output  facet  of  the 
order  of  10  pm.  The  divergence  angle  6-  in  the  plane 
parallel  to  the  growth  axis  could  not  be  measured  due 
to  the  limited  aperture  of  the  cryostat  windows  but  is 
larger  than  50° .  Based  on  our  calculations  of  the  TM 
mode  profile  at  the  output  facet,  we  estimate  6-  to  be 
60.4°  following  Ref  [17].  The  collection  efficiency 
is  then  deduced  to  be  35%.  From  the  time -resolved 
evolution  of  the  pump  and  laser  pulses  we  can  deduce 
the  evolution  of  the  collected  power  versus  pump 
power,  as  shown  in  Fig.  3  for  temperatures  ranging 
from  20  to  120  K.  The  pump  wavelength  was  9.6  pm 
at  20  K  and  9.68  pm  at  120  K.  The  collected  power 
per  facet  at  20  K  reaches  2.3  W  when  the  laser  is  op¬ 
erated  at  7  times  above  the  threshold.  Accounting  for 
collection  efficiency,  this  corresponds  to  an  emitted 
power  as  large  as  6.6  W  per  facet  at  20  K.  The  evo¬ 
lution  with  pump  power  is  similar  at  20  and  77  K.  At 
120  K,  the  collected  power  is  of  the  order  of  1.5  W 
(corresponding  to  an  emitted  power  of  4.3  W)  when 
the  laser  is  operated  4  times  above  the  threshold.  The 
power  curve  slope  above  threshold  is  smaller  at  120 
than  at  20  K  because  of  a  reduced  differential  gain 
due  to  the  thermal  population  of  the  e2  subband  and 
to  the  pump  detuning  from  exact  resonance. 

Fig.  4  presents  normalized  spectra  of  the  emission 
of  the  QF  laser  recorded  with  a  60  cm  long  infrared 
spectrometer  with  0.4  cm“*  resolution.  The  QF  laser 
was  operated  2  times  above  threshold  at  a  tempera¬ 
ture  of  20  K  for  different  pump  wavelengths.  As  seen, 
the  laser  spectrum  is  typical  of  multimode  longitu¬ 
dinal  operation  with  a  mode  spacing  of  0.69  cm“' 
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Fig.  3.  Left:  pump  power  at  threshold  versus  pump  wavelength  at  a  temperature  of  20  and  120K.  The  solid  curves  are  guide  to  the  eye. 
Right:  collected  power  per  facet  versus  the  incident  pump  power  at  a  temperature  of  20,  77  and  120  K. 


WAVELENGTH  (pm) 


Fig.  4.  Normalized  emission  spectra  of  the  QF  laser  operated 
2  times  above  threshold  at  a  temperature  of  20  K.  The  pump 
wavelength  is:  (a)  9.458  pm,  (b)  9.52  pm,  (c)  9.569  pm,  (d) 
9.640  pm  and  (c)  9.676  pm. 


tions  during  the  long  growth  of  the  multiple  quantum 
well  layers.  We  have  simulated  the  peak  gain  spectral 
position  accounting  for  a  one-monolayer  thickness 
fluctuation  of  each  of  the  quantum  well  layers,  and 
assuming  a  Gaussian  distribution  centered  at  the  nom¬ 
inal  thickness.  The  model  predicts  a  relative  energy 
shift  of  0.7  in  agreement  with  experiments.  Also  seen 
in  Fig.  4,  the  emission  spectrum  gets  narrower  as  the 
emission  wavelength  is  shifted  to  14.2  jim.  This  is  a 
consequence  of  the  lower  gain  when  the  pump  wave¬ 
length  is  tuned  out  of  resonance.  However,  we  cannot 
exclude  the  effect  of  increased  internal  losses  as  the 
emission  wavelength  gets  closer  to  the  mixed-mode 
Al-Ga  two-phonon  absorption  band  at  13.8  pm  in  the 
AlGaAs  alloy  cladding  layer  [15]. 


4.  High-power  broad-area  lasers  with 
normal-incidence  pumping 


wavenumbers.  Based  on  the  device  length,  the  group 
index  deduced  from  the  mode  spacing  is  of  the  order 
of  3.4.  The  major  result  of  Fig.  4  is  the  large  tunabil- 
ity  of  the  peak  lasing  wavelength  between  14.25  and 
14.61  pm  (A2/2  2.5%)  achieved  when  tuning  the 

pump  wavelength  between  9.458  and  9.676  pm.  This 
tunability  range  is  maintained  at  77  K,  and  decreases 
with  the  pump  resonance  at  higher  temperatures.  In 
terms  of  photon  energies,  the  tunability  is  linear  with 
a  slope  of  0.72.  This  excludes  the  possibility  of  a 
near-resonant  Raman  emission  process  which  would 
lead  to  a  slope  equal  to  1  [18].  We  attribute  the 
tunability  of  the  QF  laser  to  layer  thickness  fluctua- 


One  way  to  enhance  the  pump  coupling  efficiency 
is  to  use  a  diffraction  grating  patterned  on  top  of  the 
sample  for  normal-incidence  coupling  of  the  pump  ra¬ 
diation.  The  diffracted  waves  inside  the  sample  have  a 
polarization  component  along  the  growth  axis,  which 
allows  efficient  coupling  of  the  pump  to  the  e|-e3  in¬ 
tersubband  transition.  Besides,  the  normal-incidence 
pumping  configuration  is  well  suited  for  pumping 
broad-area  lasers.  The  1.75  |im  thick  GaAs  cap  layer 
has  been  used  to  pattern  1  mm  wide  transmission  grat¬ 
ings  by  means  of  standard  3  level  photolithographic 
and  dry  etching  techniques.  The  grating  period  is 
3.14  pm  with  a  duty  cycle  of  0.7  and  an  etched 
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pump  wavelength  (pm) 

a)  b) 

Fig.  5.  (a)  Experimental  anangement  for  broad-area  QF  lasers  and 
(b)  minimum  threshold  pump  energy  versus  pump  wavelength. 


depth  of  1  pm.  The  grating  efficiency  (±1  diffraction 
orders)  is  calculated  to  be  35%  [19].  After  thinning 
the  GaAs  substrate,  1.5  mm  long  laser  samples  have 
been  cleaved  and  mounted  on  the  cold-finger  of  a 
liquid-nitrogen  cryostat.  Fig.  5a  shows  the  experimen¬ 
tal  arrangement.  A  cylindrical  lens  is  used  to  focus 
the  CO2  laser  beam  onto  the  sample  surface  with  a 
spot  size  of  5  X  0.4  mm^.  The  angle  of  incidence  6 
of  the  pump  beam  on  the  grating  can  be  adjusted  to 
optimize  the  pump  coupling.  Lasing  action  is  achieved 
parallel  to  the  grooves  between  the  cleaved  facets  of 
the  sample.  It  should  be  noted  that  the  laser  is  gain 
guided  in  the  layer  plane  and  that  the  width  of  the  ac¬ 
tive  region  along  the  y-axis,  i.e.  where  positive  gain 
occurs,  increases  with  pump  intensity. 

Fig.  5b  shows  the  measured  pump  threshold  en¬ 
ergy  as  a  function  of  pump  wavelength.  For  each 
wavelength,  the  angle  of  incidence  of  the  pump  beam 
onto  the  top  grating  has  been  adjusted  to  minimize 
the  threshold  energy.  The  spectral  evolution  of  the 
threshold  exhibits  a  sharp  resonance  with  a  full-width 
at  half-minimum  of  1.8  meV.  As  seen,  thresholds  as 
low  as  200  pJ  are  achieved  at  a  pump  wavelength  of 
9.64  pm.  The  con*esponding  threshold  pump  power  is 
8  kW,  which  is  smaller  than  the  value  obtained  on 
2.15  mm  long  QF  edge  lasers,  although  the  distributed 
optical  losses  in  the  present  1.5  mm  long  sample  are 
increased  from  5.6  to  8.5  cm”'. 

At  pump  energies  below  1  mJ,  the  output  mode 
is  measured  to  be  TMoo*  The  divergence  angle  in 
the  layer  plane,  0,.  ~  5°,  is  remarkably  small.  The 
beam  diameter  at  the  output  facet  is  deduced  to  be 

120  pm.  As  seen,  the  in-plane  divergence  angle  of 


the  broad-area  QF  laser  is  a  factor  of  5  smaller  than 
the  value  obtained  for  edge  QF  lasers  with  side-facet 
pumping.  This  low  in-plane  divergence  is  of  course  a 
consequence  of  the  larger  spatial  extent  of  the  active 
region  along  the  ;;-axis  achieved  with  surfaee  pump¬ 
ing  with  respect  to  side-facet  pumping.  Because  of 
the  strong  confinement  of  the  TM  emission  along  the 
growth  axis,  the  divergence  angle  along  z  remains  very 
large  and  could  not  be  measured  due  to  the  limited 
aperture  of  the  cryostat  windows.  We  estimate  0. 
60.4°  as  for  side-facet  pumped  lasers.  The  collection 
efficiency  is  then  deduced  to  be  53%  for  the  TMqo 
emission  at  low  pump  power,  i.e.  when  all  the  emis¬ 
sive  area  is  imaged  on  to  QWIP  detector.  At  larger 
pump  powers,  the  collection  efficiency  drastically  drop 
because  of  the  limited  area  viewed  by  the  detector. 
Fig.  6  displays  the  multimode  pump  pulse  and  the  cor¬ 
responding  temporal  evolution  of  the  QF  emission  at 
14.7  jim  wavelength  recorded  with  a  //l.l  lens.  The 
pump  wavelength  is  set  at  9.64  pm  and  the  angle  of 
incidence  has  been  adjusted  for  minimum  threshold 
(8  kW).  The  pump  energy  incident  on  the  sample  is 
1.27  mJ  for  a  and  2.55  mJ  for  b  and  c.  Not  shown 
in  Fig.  6,  at  pump  energies  below  1.2  mJ,  the  QWIP 
signal  closely  follows  the  pump  pulse  above  thresh¬ 
old.  At  a  pump  energy  of  1.27  mJ  (curve  a),  the 
emission  still  follows  the  pump  pulse  above  threshold 
but  some  saturation  is  visible  at  maximum.  The  col¬ 
lected  power  reaches  2.4  W  at  a  pump  power  of  35 
kW,  i.e.  4.4  times  above  threshold.  At  higher  pump¬ 
ing  energies,  the  shape  of  the  emission  pulse  radically 
changes.  As  shown  by  curve  b,  the  collected  power 
follows  the  pump  power  at  the  initial  and  final  stages 
of  the  pump  pulse  but  an  opposite  behavior  is  ob¬ 
served  for  pump  powers  above  35  kW.  The  collected 
power  drops  by  almost  50%  at  the  peak  of  the  pump 
pulse  (120  kW).  This  behavior  is  attributed  to  a  mode 
switching  at  higher  pump  powers  from  TMqo  to  TMqi 
and  to  the  limited  imaging  area  viewed  by  the  detec¬ 
tor.  By  moving  the  detector  along  the  y-axis  0.5  mm 
away  from  its  on-axis  position,  an  emission  pulse  is 
detected  as  shown  by  curve  c,  which  corresponds  to 
the  detection  of  one  of  the  TMqi  mode  emission  lobe. 
The  pump  threshold  is  of  the  order  of  35  kW  and 
the  emission  power  grows  with  pump  power.  These 
results  give  clear  indication  that  the  laser  switches 
to  higher  transverse  mode  under  intense  excitation. 
The  time-resolved  emission  spectrums  recorded  with 
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Fig.  6.  Left:  temporal  evolution  of  a  typical  pump  pulse  at  9.64  pm  wavelength  (top  curve)  and  of  the  broad-area  QF  laser  power  collected 
by  the  QWIP  detector.  The  angle  of  incidence  is  set  at  3.3°  to  minimize  pump  threshold.  The  pump  energy  is  1.27  mJ  for  (a)  and  2.55  mJ 
for  (b)  and  (c).  For  (c),  the  detector  has  been  moved  by  0.5  mm  along  the  ;’-axis  in  the  focal  plane.  Right:  time-resolved  spectrum  of 
the  QF  laser  recorded  with  a  QWIP  detector. 


our  QWIP  detector  through  a  grating  monochromator 
of  the  QF  emission  arc  shown  in  Fig.  6.  Switching 
from  mode  TMon  to  TMoi  is  accompanied  by  a  shift 
of  the  emission  wavelength,  from  671  cm“'  to  667 
and  664  cm"'  respectively,  larger  than  the  longitudi¬ 
nal  mode  interval  of  0.96  cm"'  on  this  sample.  We 
attribute  this  behavior  to  an  a-DFB  filtering  effect  in¬ 
duced  by  the  top  grating  [20]. 

Fig.  7  shows  the  collected  power  versus  pump 
power  for  three  different  pump  wavelengths.  For  each 
pump  wavelength,  the  angle  of  incidence  of  the  pump 
radiation  has  been  adjusted  to  achieve  maximum 
output  power  under  intense  pumping.  As  seen,  the 
threshold  pump  power  is  increased  by  almost  a  fac¬ 
tor  of  2  with  respect  to  measurements  at  an  angle  of 
incidence  optimized  for  low-threshold  operation.  The 
collected  power  reaches  4.16,  3.8  and  1.7  at  a  pump 
wavelength  of  9.67  pm  (a),  9.64  pm  (b)  and  9.55  pm 
(c),  respectively.  As  for  side-facet  pumped  QF  lasers, 
the  laser  wavelength  is  found  to  be  dependent  on 
pump  wavelength  and  is  measured  to  be  14.8,  14.7 
and  14.55  pm  for  curves  a,  b  and  c,  respectively.  The 
saturation  visible  in  curve  a  is  attributed  to  the  lower 
collection  efficiency  at  large  pump  powers.  Separate 
simulations  accounting  for  the  in-plane  extent  of  the 
net  gain  region,  its  increase  with  pump  intensity  and 
for  the  limited  field  of  view  of  the  collecting  optics, 
show  that  the  collection  efficiency  drops  from  53% 
to  23.6%  when  the  pump  power  at  9.64  pm  increases 
from  20  to  50  kW.  Accounting  for  this  factor,  the 


Fig.  7.  Collected  power  versus  pump  power  of  the  broad-area 
QF  laser  (ftill  curves).  The  pump  (emission)  wavelength  is 
9.67  pm  (14.8  pm),  9.64  pm  (14.7  pm)  and  9.55  pm  (14.55^pm) 
for  curves  a-c,  respectively.  The  angle  of  incidence  6  2.6  has 

been  adjusted  for  achieving  large  output  powers. 


Optical  power  per  facet  of  the  broad-area  laser  reaches 
values  as  high  as  17.6W  at  77  K  when  the  laser  is 
operated  at  2.5  times  above  threshold.  This  value  sets 
a  new  record  high  for  a  semiconductor  laser  emitting 
at  mid-IR  wavelengths.  It  should  be  noted  that  much 
higher  output  powers  can  be  achieved  under  more 


O.  Gauthier- Laf aye  et  al.  /  Physica  E  7  (2000)  12-19 


19 


intense  pumping  conditions.  However,  in  this  case 
the  broad-area  QF  laser  is  multimode  transverse. 

5.  Conclusion 

In  conclusion,  we  have  reported  on  high-power 
unipolar  GaAs/AlGaAs  lasers  emitting  in  the 
14-15  pm  wavelength  range  under  optical  pump¬ 
ing  by  a  pulsed  CO2  laser.  Operation  of  edge  lasers 
with  side-facet  pumping  as  well  as  broad-area  lasers 
with  normal-incidence  pumping  has  been  demon¬ 
strated.  Extended  tunability  of  the  lasing  wavelength, 
A/l/2  2.5%,  has  been  observed  by  varying  the 

pump  wavelength.  We  have  shown  that  record  high 
optical  powers  can  be  obtained  from  these  quantum 
fountain  unipolar  lasers,  with  optical  powers  per  facet 
as  high  as  6.6  W  for  edge  lasers  and  17.6  W  for 
broad-area  lasers  in  TMoo  mode  emission. 
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Abstract 

We  present  a  thorough  theoretical  investigation  of  electron  dynamics  in  superlattice  quantum  cascade  lasers,  both  for  the 
InGaAs/AlInAs  and  for  the  GaAs/AlGaAs  systems.  Deteimination  of  the  miniband  dispersion  and  electron  wave  functions 
and  calculation  of  scattering  rates  have  been  performed  in  order  to  set  up  Monte  Carlo  simulations.  Injection  and  extraction 
rates  in  the  active  region  arc  calculated  with  a  transfer  matrix  technique.  Results  are  here  discussed,  (c)  2000  Published  by 
Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  78.20.Bh;  42.55.Px;  78.60.Fi;  85.30Vw 

Keywords:  Monte  Carlo  simulations;  Quantum  cascade  lasers;  Simulation;  Electroluminescence 


1.  Introduction 

Among  all  the  proposed  typologies  of  quantum  cas¬ 
cade  lasers  (QCLs)  [1-4]  (for  a  recent  review  see 
Ref  [5])  the  one  based  on  superlattice  (SL)  struc¬ 
tures  [2,5]  offers  the  advantages  of  intrinsic  popula¬ 
tion  inversion,  simplicity  of  design  and  higher  cuiTent 
drive  capabilities.  In  such  devices,  carrier  injection  and 
transport  always  involve  two  minibands  of  adjacent 
SLs.  Thus,  modeling  of  device  performance  has  to  rely 
on  physical  models  fully  accounting  for  the  miniband 
dispersion.  Up  to  now,  theoretical  investigation  on 
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electron  dynamics  in  SL  minibands  has  been  very 
scarce. 


2.  Theoretical  model  and  results 

We  present  a  theoretical  investigation  of  electron 
dynamics  in  InGaAs/InAlAs  superlattice  QCL  struc¬ 
ture.  A  comparison  with  electroluminescence  spectra 
measured  in  Bari  SL  structures  will  be  also  discussed. 
Our  approach  is  the  following: 

(i)  We  first  determine  the  miniband  dispersion  and 
electron  wave  functions  for  the  SL  using  the  Kronig- 
Penney  nonparabolic  model;  (ii)  We  then  calculate 
the  scattering  rates  for  electron-phonon  (acoustic 
and  optical  phonons)  and  electron-electron  interac¬ 
tions  [6];  (iii)  we  choose  the  optimal  SL  (in  terms  of 
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Fig.  1.  Scattering  rates  and  miniband  dispersion  of  the  InGaAs/InAlAs  structure. 


Table  1 

Scattering  rates  for  LO  phonon  emission  processes 


Transition 

GaAs/AlGaAs 

InGaAs/AlInAs 

2->2 

0.88  ps-' 

1,60  ps-' 

2^  1 

0.33  ps^' 

0.25  ps-' 

1  __  1 

0.40  ps-' 

0.74  ps-' 

barrier  and  well  width)  on  the  basis  of  the  strength  of 
the  intraminiband  phonon  scattering  and  the  miniband 
width,  both  of  which  have  to  be  as  large  as  possible 
for  the  proper  operation  of  the  laser;  (iv)  we  calculate 
the  injection  and  extraction  rates  and  energies  into  the 
active  region  from  a  transfer  matrix  technique;  (v) 
we  perform  Monte  Carlo  simulations  of  electron  dy¬ 
namics  based  on  all  previous  ingredients,  extracting 
the  electron  distribution  functions  for  each  miniband 
under  steady-state  conditions;  (vi)  we  calculate  the 
emission  spectra  at  the  chosen  injection  condition. 

The  determination  of  the  optimal  SL  structure  is 
based  on  the  consideration  that  (i)  the  width  of  each 
miniband  has  to  be  much  larger  than  an  LO  phonon 
energy,  and  (ii)  the  intraminiband  scattering  times 
have  to  be  much  shorter  than  the  interminiband  ones. 
By  looking  at  the  miniband  profiles  and  electron-LO 
phonon  scattering  rates  for  a  variety  of  geometries. 


we  have  chosen  for  the  InGaAs/InAlAs  system  the 
values  ^  =  60A5=18A  (well  and  barrier  width, 
respectively).  In  the  case  of  GaAs/AlGaAs  condition 
(i)  is  hardly  fulfilled  because  of  the  smaller  band 
offset.  Based  on  the  scattering  rate  values  we  chose 
If  =  60  A  and  5  =  40  A  for  GaAs/AlGaAs  SLs. 

Fig.  1  shows  the  electron-LO  phonon  emission 
scattering  rates  and  the  miniband  profile  for  the  op¬ 
timal  InGaAs/AlInAs  structure.  Here,  we  have  con¬ 
sidered  bulk  phonon  dispersions,  as  we  are  interested 
only  in  the  overall  electron  dynamics  and  not  on  the 
detailed  contribution  of  the  various  SL  phonon  modes 
to  the  relaxation  processes.  The  scattering  rates  are 
plotted  as  a  function  of  electron  energy  (measured 
from  the  bottom  of  the  miniband)  at  different  values  of 
the  parallel  and  perpendicular  L  k-wcetor.  For  in¬ 
stance,  for  the  2  2  transition,  the  lowest  curve  cor¬ 

responds  to  the  maximum  L  (at  the  miniband  edge), 
as  only  states  on  the  kp  dispersion  are  involved  in  the 
transition,  while  the  largest  scattering  rate  is  found  at 
k-  =  0,  that  is  at  the  top  of  the  miniband.  The  reverse 
situation  holds  for  the  intraminiband  transitions  within 
the  first  miniband.  A  Monte  Carlo  simulation  [7]  has 
been  set  up  based  on  the  scattering  rates  described 
above.  In  addition  to  LO  phonon,  electron-electron 
scattering  is  included,  the  interaction  being  calculated 
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Tabic  2 

Scattering  rates  for  clcctron-plionon  and  electron-electron  intraminiband  scattering  within  the  first  (1111)  and  the  second  (2  2  22)  miniband 


./'2-0  [ps  '] 

fi^\  [ps  '] 

/l-l  [ps-'] 

/2222  [ps 

/nil  [ps  '] 

10'^’  cm"-'* 

0.74 

0.28 

1.60 

0.80 

2.90 

10'^  cm^-"' 

0.79 

0.28 

1.60 

1.25 

3.80 

10'^  cm--^ 

0.73 

0.25 

1.63 

1.70 

4.80 

assuming  a  statically  screened  Coulomb  potential. 
Acoustic  phonons  arc  neglected  since  the  correspond¬ 
ing  rates  arc  much  lower.  Pauli’s  exclusion  principle  is 
accounted  for  in  the  usual  way  [7].  In  order  to  reach 
a  steady-state  condition  in  the  simulation,  electrons 
arc  extracted  from  the  bottom  of  the  first  miniband  at 
a  fixed  rate  determined  by  a  time  constant  ttunn ,  which 
is  taken  as  an  input  parameter  (here  ttunn  =2  ps). 
This  process  mimics  the  tunneling  from  the  active 
layer  into  the  next  injector  region  of  the  real  device. 
For  each  electron  which  is  extracted,  one  is  injected 
into  the  second  miniband.  In  the  simplest  scheme, 
another  input  parameter  £inj  defines  the  energy  of  the 
injected  electron  (here  £'inj  —  miniband  top).  A  more 
realistic  condition,  which  will  be  described  below, 
involves  the  calculation  of  the  transmission  coeffi¬ 
cient  at  a  given  bias  point.  As  initial  condition  for  the 
simulation  a  given  electron  density  is  distributed  as 
an  equilibrium  Fermi  function  in  the  first  miniband. 
The  extraction/injection  routine  and  the  MC  simula¬ 
tion  of  the  electron  dynamics  is  then  performed  until 
stationarity  is  reached.  The  stationary  distribution 
functions  for  the  first  and  second  minibands  for  a  lat¬ 
tice  temperature  of  5  K  are  plotted  in  the  inset  of  Fig. 
2.  Three  different  densities  are  considered.  As  the 
density  increases,  the  enhanced  intercarrier  scattering 
broadens  the  distribution  functions,  thus  reducing  the 
overlap  in  /c-space  between  the  populations  of  the  two 
minibands.  The  effect  of  such  a  broadening  on  lasing 
capabilities  of  the  SL  can  be  evaluated  by  looking 
at  the  inversion  gain,  g\ny,  which  we  define  as  the 
ratio  of  the  electron  density  at  the  bottom  of  the  up¬ 
per  miniband  to  the  density  at  the  top  of  the  lower 
miniband.  The  higher  the  value  of  ^inv,  the  higher 
the  probability  that  the  structure  will  lase  (and  the 
lower  the  threshold  current  for  lasing).  It  should 
be  noted  that,  for  comparable  densities,  the  value 
of  the  inversion  gain  of  the  InGaAs/InAlAs  SL  is 
about  one  order  of  magnitude  higher  than  that  of 


Fig.  2.  Electroluminescence  spectra  in  stationary  condition.  The 
inset  shows  the  stationaiy  electron  distribution  functions  of  the 
first  and  the  second  miniband. 

the  GaAs/AlGaAs  structure.  This  is  consistent  with 
the  actual  rates  for  phonon  processes  that  can  be 
extracted  from  the  simulation,  presented  in  Table  1. 
Here  the  intraminiband  2-^2,  1^1  and  the  inter¬ 
miniband  2  — >  1  transition  rates  are  displayed  for  the 
two  SLs.  It  is  clear  that  InGaAs/InAlAs  does  indeed 
promise  mueh  better  performance.  An  interesting  re¬ 
sult  is  found  as  a  function  of  doping  density.  As  the 
density  moves  from  10^^’  to  cm“^,  the  inver¬ 
sion  gain  of  the  InGaAs/InAlAs  structure  drops  from 
26  to  1.2,  indicating  that  low  doping  of  the  active 
region  has  to  be  preferred.  The  physical  reason  can 
be  understood  from  Table  2  which  shows  the  rates  for 
electron-phonon  and  electron-electron  scattering  cal¬ 
culated  during  the  simulation.  While  the  phonon  rate 
does  not  change  appreciably  (indicating  that  Paulis  ex¬ 
clusion  principle  does  not  effect  the  electron  transport 
around  the  miniband  edge,  at  least  up  to  the  densities 
considered  here),  the  intercarrier  rate  increases  with 
the  electron  density,  both  as  intra  and  inter-miniband 
processes.  The  former  contributes  to  the  thermaliza- 
tion  and  spreading  in  /:-space  of  the  electrons  within 
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each  miniband,  the  latter  causes  a  redistribution 
between  minibands,  in  particular  favoring  the  scatter¬ 
ing  out  the  upper  into  the  lower  miniband.  Indeed,  a 
significant  reduction  of  the  threshold  current  and  room 
temperature  operation  in  QCL  with  intrinsic  SL  re¬ 
gions  has  been  reported  [8].  The  electroluminescence 
spectra  are  plotted  in  Fig.  2.  The  spectra  get  broader  at 
higher  densities,  a  direct  consequence  of  the  electron 
thermalization  detected  in  the  distribution  functions. 
The  influence  of  the  various  parameters  of  the  sim¬ 
ulation  has  also  been  tested.  In  short,  we  found  that 
the  inversion  gain  is  higher  when  the  injection  energy 
is  lower.  This  is  caused  by  a  strong  reduction  of  the 
phonon  scattering  within  the  second  miniband  when 
electrons  are  injected  closer  to  the  miniband  edge, 
while  the  interminiband  2  1  and  the  intramini¬ 
band  1  1  do  not  show  any  sizeble  dependence 

on  £'inj.  This  result  indicates  the  importance  of  the 
injection  condition  in  determining  the  performance 
of  superlattice  QCLs.  For  instance,  it  is  possible  to 
compensate  for  the  loss  of  inversion  gain  characteris¬ 
tic  of  high  densities  by  properly  tuning  the  injection 
energy.  A  similar  picture  is  obtained  when  varying 
Tiunn-  the  higher  its  value,  the  higher  the  population 
of  the  first  miniband,  and  therefore  the  lower  the 
inversion  gain. 

3.  Physical  model  for  injection 

Up  to  now  the  simulation  was  based  on  a  sim¬ 
ple  injection  model,  which  assumes  a  Fermi  distribu¬ 
tion  of  the  injected  carriers  around  a  given  energy, 
given  as  input.  We  have  developed  a  more  refined 
model  which  is  based  on  the  standard  “transfer  matrix” 
approach.  The  starting  point  is  the  ID  Schroedinger’s 
equation  for  the  simulated  structure,  solved  with  the 
boundary  conditions  of  bulk  propagating  plane  waves 
impinging  on  the  SL  regions  from  a  left  contact.  This 
approach  allows  us  to  calculate  the  transmission  co¬ 
efficient  as  a  function  of  the  energy  of  the  incoming 
electron.  To  better  account  for  the  structure  of  the  SL 
QCL,  we  have  considered  a  region  made  up  of  two 
active  SL  layers,  separated  by  the  injector  (see  the 
central  portion  of  Fig.  3). 

If  the  Schroedinger  equation  is  coupled  to  the  ID 
solution  of  the  Poisson  equation,  the  transmission  co¬ 
efficient  can  be  calculated  for  each  bias  applied  to  the 


Fig.  3.  Cuncnt-voltage  characteristics,  conduction  band  profile 
and  transmission  coefficient  of  InGaAs/InAlAs  structure  for  three 
different  bias  voltages. 

device.  By  integrating  the  product  of  the  transmission 
coefficient  and  the  electron  distribution  function  over 
the  /: -vector  parallel  to  the  heterointefaces  of  the  SL, 
the  current  density  is  readily  obtained.  Fig.  3  shows  the 
current-voltage  characteristics  of  the  InGaAs/InAlAs 
structure,  together  with  the  band  profile  and  transmis¬ 
sion  coefficient  for  three  bias  points.  Clearly,  an  ef¬ 
ficient  transmission  from  one  SL  to  the  other  is  ob¬ 
tained  (i)  if  the  miniband  of  the  two  SLs  on  the  right 
and  on  the  left  are  aligned,  and  (ii)  if  allowed  ener¬ 
gies  exist  in  the  injector  providing  the  channel  for  the 
electron  transfer.  The  transmission  coefficient  versus 
energy  calculated  for  a  given  bias  point  gives  directly 
the  energy  distribution  of  the  simulated  injected  elec¬ 
trons. 


4.  Conclusions 

We  have  presented  a  physical  model  for  the  de¬ 
scription  of  superlattice  QCL  structures  based  on 
the  Kronig-Penney  model  for  the  electronic  states 
and  on  Fermi’s  Golden  rule  for  the  relevant  electron 
interaction.  A  Monte  Carlo  simulation  has  been  set  up 
to  analyze  the  electron  dynamics  and  the  influence  of 
several  microscopic  processes  on  the  performance  of 
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the  QCL.  In  particular,  we  have  pointed  out  the  role 
of  intcrelectron  scattering,  and  compared  different 
material  systems. 
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Abstract 

We  present  measurement  results  on  high-power  low-threshold  quantum  cascade-distributed  feedback  lasers  emitting  infrared 
radiation  at  10.16  pm.  A  lateral  current  injection  scheme  allowed  the  use  of  a  strongly  coupled  surface  grating  without  metal 
coverage  and  epitaxial  re-growth.  Although  this  design  resulted  in  a  simplified  processing,  the  fabrication  of  high-performance 
edge-  and  surface-emitting  devices  was  demonstrated.  For  the  edge-emitting  laser,  we  used  a  standard  first-order  grating  with 
a  period  of  1.57  pm,  and  for  the  surface  emitter,  a  second-order  grating  with  a  period  of  3.15  pm  was  used.  Maximal  output 
powers  in  excess  of  200  mW  at  85  K  and  70  mW  at  300  K  were  achieved  for  both  configurations.  The  threshold  current 
densities  at  85  K  (300  K)  were  1.85  kA/cm^  (5.4  kA/cm^)  and  2.1  kA/cm^  (5.6  kA/cm^)  for  edge  and  surface  emitters, 
respectively.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  QuanUim  cascade  lasers;  Distributed  feedback  lasers;  Surface  emission;  Lateral  current  injection 


Quantum  cascade  (QC)  lasers  are  very  promis¬ 
ing  light  sources  for  environmental  sensors  in  the 
mid-infrared  spectral  region  [1-3].  Most  of  these 
applications  require  the  use  of  single-mode  light 
sources;  be  they  edge-  or  surface-emitters.  This  re¬ 
quirement  can  be  accomplished  by  using  a  distributed 
feedback  (DFB)  laser  [4-6].  In  order  to  achieve 
standard  edge-emission,  we  fabricated  devices  with 
a  first-order  grating,  while  for  the  surface-emitters, 
a  second-order  grating  was  used  [7].  Although  DFB 
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lasers  have  obvious  performance  benefits,  they  usu¬ 
ally  suffer  from  the  fact  that  epitaxial  re-growth  is 
necessary  to  complete  the  structure  after  grating  fab¬ 
rication.  As  has  been  recently  demonstrated,  one  can 
use  a  lateral  current  injection  scheme  in  order  to 
fabricate  a  strongly  coupled,  low-loss  grating  with¬ 
out  epitaxial  re-growth  [5].  These  devices  have  a 
waveguide  with  a  semiconductor  lower  cladding  and 
air  forming  the  top  cladding.  The  heavily  n-doped 
InGaAs  cap  layer,  which  serves  as  a  host  layer  for 
the  grating,  is  highly  conducting  to  allow  lateral  cur¬ 
rent  injection  and  -distribution  throughout  the  device. 
This  results  in  both  a  high  coupling  coefficient  of  the 
grating  and  a  relatively  high  net  gain  of  the  laser;  thus 
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it  potentially  allows  the  fabrication  of  short  devices 
with  a  low  threshold  current. 

Growth  of  this  material  was  based  on  molec¬ 
ular  beam  epitaxy  (MBE)  of  lattice-matched 
InGaAs/lnAlAs  layers  on  top  of  an  n-dopcd  InP 
(Si, 2  X  lO'^  cm“'^)  substrate.  The  growth  pro¬ 
cess  started  with  the  lower  waveguide  layers 
(lnGaAs,Si,  1  x  lO'^  cm~‘\  total  thickness  1.5  pm), 
proceeded  with  an  active  region  (thickness  1.75  pm) 
and  was  finished  by  a  thicker  set  of  upper  waveg¬ 
uide  layers  (thickness  2.2  pm)  and  a  0,7  pm  thick 
highly  n-dopcd  cap  layer  on  top.  This  cap  layer 
was  also  the  host  layer  for  the  grating,  as  men¬ 
tioned  earlier.  The  active  region,  which  thus  fonned 
the  central  part  of  the  waveguide,  consisted  of  35 
super-lattice  periods;  those  were  alternating  n-dopcd 
funnel  injector  regions  and  undoped  triple  quantum 
well  active  regions.  The  laser  transition  in  the  lat¬ 
ter  was  diagonal,  similar  to  that  described  in  Ref 
[8].  The  layer  sequence  of  the  structure,  in  nano¬ 
meters,  starting  from  the  injection  barrier,  is  as  fol- 
lows:3.9/1.0/3.8/1.2/3.7/1.5/3.9/L7/4.0/4.2/3. 1/0.9/ 
6.4/ 1.0/6.0/2.8  nm.  Ino.52Alo.4KAs  layers  are  in  bold, 
lno,53Gao.47As  layers  are  in  roman,  and  n-doped  layers 
(Si  2.5  X  10'^  cm“'^)  arc  underlined. 

The  fabrication  of  these  DFB  lasers  was  based  on 
holographically  defining  a  grating  with  either  1 .57  pm 
(first-order  grating)  or  3.15  pm  period  (second-order 
grating,  Wetr  =  3.22),  and  wet  chemical  etching  of  the 
grating  in  a  H2SO4/H2O2/H2O  solution  to  a  depth 
of  0.6  pm  (etch  rate  100  nm/sec).  We  used  a  488 
nm  Ar-ion  laser  and  a  90*'  comer  reflector  mounted 
on  a  rotational  stage  for  the  grating  exposure.  The 
grating  lines  run  along  the  dove-tail  direction  of  the 
ciystal  in  order  to  achieve  non-rectangular  profile 
and  to  obtain  a  sufficiently  high  first-order  Fourier 
component.  This  is  quite  critical  for  the  perfor¬ 
mance  of  the  surface-emitting  laser  because  a  sym¬ 
metric  rectangular  second-order  grating  contains  no 
first-order  Fourier  component.  In  addition,  the  com¬ 
bination  holography/wet  etching  for  the  fabrication 
of  the  grating  involves  a  high  risk  of  obtaining  a 
duty  cycle  which  is  considerably  smaller  than  50%. 
Since  a  small  duty  cycle  reduces  the  average  refrac¬ 
tive  index  and  therefore  also  the  overlap  factor  of 
the  grating  layer,  the  coupling  coefficient  becomes 
small,  resulting  in  an  even  poorer  efficiency  of  the 
grating. 


InGaAs  waveguide  layers 

V  grating  and  lateral  contact  layer 


ZnSe  isolation  layer 

\  /p 

active  region 

. i 

Ti/Au  contact  layer 
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Fig.  1.  Schematic  cross-section  through  the  waveguide  of  a  DFB 
laser.  The  top  metal  contact  covers  only  a  small  fraction  on  both 
shoulders  of  the  waveguide. 

Standard  processing  techniques  were  used  to  de¬ 
fine  ridge  waveguides  with  a  width  of  35-55  pm 
(etch  depth  4.5  pm,  HBr/HN03/H202,  etch  rate 
800  nm/min)  and  a  length  of  1-1.5  mm  [5]. 
300  nm  of  ZnSe  served  as  an  electrical  passi¬ 
vation  layer  and  Ti/Au  (10/400  nm)  was  used 
as  top  contact  metal.  Thinning,  back  contacting 
(Ge/Au/Ag/Au,  12/27/50/100  nm),  and  cleaving 
completed  the  processing.  As  shown  by  the  schematic 
cross-section  in  Fig.  1,  the  contact  metal  covered  only 
the  edges  (about  5  pm  on  each  side)  of  the  ridge  to 
avoid  large  absorption  losses  in  the  waveguide,  but 
still  to  allow  lateral  current  injection.  The  devices, 
whose  facets  were  left  uncoated,  were  mounted  ridge 
side  up  on  copper  heat  sinks  and  operated  at  different 
temperatures  between  85  and  300  K.  The  samples 
were  then  placed  into  a  temperature-controlled  N2 
flow  cryostat.  The  light  from  the  facet  or  the  grating 
of  the  DFB  QC  laser  was  collected  by  f /0.8  optics  and 
fed  into  a  high-resolution  Fourier  transform  spectrom¬ 
eter  (Nicolet-type  Magna-IR  860),  where  we  detected 
it  by  using  a  liquid  nitrogen-cooled  HgCdTe  detector. 
For  the  measurement  of  L-I  curves,  we  measured  the 
intensity  with  a  calibrated  500  x  500  pm^  room  tem¬ 
perature  HgCdTe  detector.  For  both  types  of  lasers, 
the  current  pulses  were  100  ns  long,  and  a  pulse  rep¬ 
etition  frequency  of  5  kHz  was  used  for  all  tempera¬ 
tures.  A  typical  L-I  and  I-V  curve  of  the  first-order 
DFB  laser  are  presented  in  Fig.  2.  For  a  1.2  mm 
long  and  45  pm  wide  laser,  a  maximal  output  power 
of  230  mW  at  85  K  and  80  mW  at  room  temperature 
was  seen.  The  device  emitted  single-mode  radiation 
for  all  temperatures  and  power  levels.  The  threshold 
current  was  1  A  at  85  K  and  increased  to  2.9  A  at 
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Fig.  2.  L-I  and  I-V  curve  of  a  first-order  DFB  laser  measured 
at  different  temperatures  between  85  and  300  K.  The  inset  shows 
how  the  threshold  current  changes  with  increasing  temperature. 


Fig.  4.  Far  field  distribution  of  a  surface-emitting  second-order 
DFB  laser  in  the  directions  both  parallel  and  perpendicular  to  the 
waveguide. 


Fig.  3.  L-I  and  1-V  curve  of  a  surface-emitting  second-order  DFB 
laser  measured  at  temperatures  between  85  and  300  K.  The  inset 
shows  the  threshold  current  change  with  increasing  temperature. 


300  K,  corresponding  to  threshold  current  densities 
of  1.85  and  5,4  kA/cm^,  respectively.  Edge  emission 
L-1  and  /-K-curves  of  a  55  pm  wide  and  1.125  mm 
long  surface-emitting  device  are  shown  in  Fig.  3.  At 
low  temperatures,  we  observed  a  threshold  current  of 
1 .3  A  and  a  maximum  output  power  of  2 1 0  mW  from 
the  facet.  The  slope  efficieney  at  this  temperature 
was  105  mW/A  and  a  threshold  current  density  of 
2,1  kA/cm^  was  determined.  At  room  temperature, 
we  obtained  70  mW  optical  output  power  from  the 
facet,  with  a  slope  efficiency  of  70  mW/A.  However, 
the  threshold  current  increased  to  3.45  A  (threshold 
current  density  of  5.6  kA/cm^),  and  an  operating 
voltage  of  10.5  V  was  seen.  From  the  increase  in 


threshold  current,  we  were  able  to  derive  a  character¬ 
istic  temperature  Tq  of  204  K  for  the  first-order  DFB 
laser  and  258  K  for  the  surface-emitting  DFB  laser. 

In  Fig.  4,  we  present  the  vertically  emitted  far-field 
distribution  of  the  surface-emitter  in  both  directions. 
In  the  direction  along  the  waveguide,  we  observed,  due 
to  the  wide  aperture  and  the  Bragg  reflection,  a  very 
narrow  far-field  angle  of  about  T  (FWHM),  whereas 
in  the  other,  perpendicular  direction,  the  far-field  an¬ 
gle  was  equivalent  to  the  one  observed  at  the  cor¬ 
responding  direction  of  the  facet,  namely  about  14° 
(FWHM).  Such  a  far  field  distribution  will  facilitate 
coupling  into  a  micro-optical  sensor  system  in  the  re¬ 
spect  that  a  cylindrical  lens  instead  of  an  aspherical 
one  will  be  sufficient  to  achieve  a  parallel  laser  beam. 

Spectral  measurements  below  lasing  threshold  al¬ 
lowed  a  relatively  precise  measurement  of  the  Bragg 
reflector’s  stop-bandwidth,  the  value  obtained  was 
2.6  cm~*  for  the  first-order  and  1.1  cm“^  for  the 
second-order  DFB  laser.  From  these  figures,  we  de¬ 
termined  the  coupling  coefficients  of  the  grating  to 
be  K  =  =  28  cm“'  and  12  cm~\  respec¬ 

tively.  A  relatively  small  free  earner  absorption  loss 
of  12  cm”'  was  calculated  for  both  devices,  whereas 
a  laser  utilizing  our  standard  waveguide  design  with 
a  2.2  pm  thick  InAlAs/InGaAs  upper  cladding  layer 
and  a  metal-covered  grating  would  suffer  from  a 
waveguide  loss  of  30  cm”'.  In  addition,  the  refrac¬ 
tive  index  contrast  would  be  reduced  by  almost  two 
orders  of  magnitude. 
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Fig.  5.  Optical  emission  spectra  of  a  second-order  DFB  laser 
measured  at  dilTcrcnt  temperatures  between  85  and  300  K.  The 
inset  shows  the  linearity  of  the  temperature  tuning. 

Finally,  Fig.  5  shows  the  lasing  spectra  of  the 
second-order  DFB  laser  at  temperatures  between  85 
and  300  K.  We  determined  the  line  width  to  be  of  the 
order  of  0.3  cm~\  which  coiTcsponds  to  the  resolu¬ 
tion  limit  of  our  experimental  set-up.  The  emission 
wavelength  at  85  K  was  1003  cm"^  at  room  temper¬ 
ature,  it  decreased  to  989  cm“^  The  luminescence 
peak  was  found  in  the  vicinity  of  990  cm“'  for  all 
temperatures.  The  temperature-tuning  coefficient  of 
the  lasing  peak  was  constant  over  the  entire  temper¬ 
ature  range,  and  its  magnitude  was  1/A  x  AA/AT  — 
6.1  X  10”"^  K“'  (Av/Ar=  -0.06  cm“7K).  These 
numbers  arc  consistent  with  what  has  been  reported 
in  the  literature  [6]. 

In  conclusion,  we  have  shown  device  results  for 
both  first-order  and  second-order  DFB  QC  lasers 
operating  at  10,1  pm.  These  DFB  lasers  function 
without  upper  cladding  layer,  the  grating  is  there¬ 
fore  directly  exposed  to  air.  Current  injection  is 
accomplished  laterally  through  the  grating  layer; 
this  design  avoids  large  waveguide  losses  due  to 
metal  absorption.  At  room  temperature,  both  types 
of  lasers  emitted  in  excess  of  70  mW  optical 
power  through  the  facet,  the  second-order  device  an 


additional  1 8  mW  from  the  grating.  The  corresponding 
numbers  for  85  K  were  >  200  and  60  mW  for  facet 
and  grating  emissions,  respectively.  Pulsed  threshold 
cunent  densities  of  5.4  kA/cm^  (5.6  kA/cm^)  and 
1.85  kA/cm“^  (2.1  kA/cm^)  for  the  first-  (second-) 
order  DFB  laser  were  seen.  For  the  surface-emitting 
laser,  the  far-field  angle  in  the  narrow  direction  along 
the  waveguide  was  of  the  order  of  1°,  in  the  direction 
perpendicular  to  the  waveguide,  we  observed  a  far 
field  angle  of  14°. 
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Abstract 

We  report  on  the  realization  of  electrically  pumped  GaAs/AlGaAs  microcylinder  lasers  emitting  at  /I  =  10  pm.  The  design 
and  fabrication  process  of  the  special  resonator  shapes  (circular-  and  stadium-like  cross  section)  are  presented.  The  active 
material  is  a  30  period  sequence  of  injectors/active  regions  made  of  GaAs/AlGaAs  quantum  wells.  Far-field  characteristics  of 
these  special  resonators  are  compared  and  the  dependence  of  directionality  of  the  emission  on  the  deformation  is  investigated. 
The  bow-tie  mode  can  be  resolved  in  the  far-held  pattern.  A  transition  from  the  bow-tie  to  another  mode  with  highly 
directional  emission  along  the  short  axis  of  the  resonators  is  shown  for  the  first  time.  Single-mode  emission  is  detected  for 
100  pm  diameter  circular  microlasers  with  a  side  mode  suppression  exceeding  20  dB.  The  maximum  working  temperature 
of  the  microcylinder  lasers  is  165  K.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  42.55.P;  42.55.X;  78.66;  78.66.F;  78.65;  73.20.D;  73.40;  78.30.F;  85.30.V 

Keywords:  GaAs-lasers;  Quantum  cascade  lasers;  Microresonator 


Semiconductor  lasers  are  realized  using  Fabry 
Perot  (VCSEL,  DFB  laser,  DBR  and  external  cavity 
lasers)  or  circular-shaped  resonators  (microdisks  or 
microcylinders).  In  the  latter  geometry  a  decrease  of 
mirror  losses  is  achieved  due  to  an  increase  of  the 
reflectivity.  Total  internal  reflection  of  the  so-called 
“whispering-gallery  modes”  (WGM)  guarantees  a  re¬ 
flectivity  near  unity  and  thus  a  decrease  of  the  thresh¬ 
old  current  density  of  lasers  based  on  these  special 
kinds  of  resonators.  Microdisk  interband  lasers  with 
a  lasing  wavelength  around  1  pm  have  been  studied, 
e.g.  on  the  InGaAs/InGaAsP  material  system  [1]. 
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In  the  mid-infrared  regime  unipolar  semiconductor 
lasers  based  on  intersubband  transitions  in  quan¬ 
tum  wells  marked  a  breakthrough  in  the  applica¬ 
tion  of  band-structure  engineering  [2,3].  These  first 
quantum  cascade  lasers  (QCL)  were  based  on  the 
Fabry  Perot  resonator  geometry.  Next  to  these  clas¬ 
sical  ridge  waveguide  geometry  disk  lasers  based  on 
InGaAs/InAlAs-QC  active  regions  emitting  around  5 
pm  [4]  and  between  9.5  and  1 1.5  pm  have  been  fab¬ 
ricated  [5].  The  two  longer  wavelength  lasers  show  a 
reduction  of  threshold  current  densities  as  compared 
to  ridge  waveguide  lasers  using  nominally  the  same 
gain.  Compared  to  microdisks  where  the  heat  can 
mostly  be  dissipated  over  a  thin  pedestal,  microcylin¬ 
ders  show  a  better  heat  dissipation.  Microcylinders 
with  circular  and  stadium-like  cross  sections  [6] 
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emitting  around  5  jLim  arc  also  reported  [7]  and  show 
higher  threshold  current  densities  (4-7  kA/cm^)  than 
ridge  waveguide  lasers  with  identical  gain  regions 
(1-2  kA/cm^).  QCL  are  unipolar  lasers,  thus,  surface 
recombination,  which  is  the  major  problem  for  disk 
bandgap  lasers  (wavelength  around  1  pm),  is  not  an 
issue.  Additionally,  due  to  an  about  10  times  longer 
wavelength  (5-12  pm)  surface  roughness  is  not  so 
critical. 

The  realization  of  unipolar  light  emitters  based 
on  the  material  system  GaAs/AlGaAs  extends  the 
QCL  field  to  a  wider  range  of  applications.  Electro¬ 
luminescence  [8],  optically  and  finally  electrically 
pumped  [9]  lasing  in  GaAs/AlGaAs  structures  have 
been  reported  lately.  GaAs/AlGaAs  microcylinder 
with  circular  cross  section  emitting  at  10  pm  were 
compared  to  ridge  waveguide  lasers  fabricated  on 
the  same  grown  laser  material  [10].  These  circular 
resonators  significantly  improved  the  threshold  cur¬ 
rent  density  (^  7  kA/cm^  for  the  microcylinder  and 
~  10  kA/cm“  for  the  ridge  waveguide  lasers)  and  the 
low  current  consumption  because  of  the  small  size. 
On  the  other  hand,  the  emission  pattern  is  isotropic 
and  the  emitted  power  is  smaller  compared  to  the 
ridge  waveguide  gcomctiy  because  of  scattering  (on 
surface  imperfections)  as  the  main  outcoupling  mech¬ 
anism  [11]. 

We  present  here  the  results  of  the  investiga¬ 
tions  on  quadrupolar  deformed  microlasers  based 
on  GaAs/AlGaAs.  The  design  of  the  unipolar 
GaAs/AlGaAs  intersubband  laser  working  at  a  wave¬ 
length  of  10  pm  is  based  on  a  three-quantum-well 
active  cell  comparable  to  the  one  given  in  Ref.  [9]. 
Layer  thickness  and  doping  concentration  are  es¬ 
sentially  the  same,  the  Al  content  in  the  barrier  is 
reduced  to  30%  to  lower  the  band  offset  and,  thus, 
to  increase  the  emission  wavelength  to  10  pm.  The 
active  cells  arc  separated  by  miniband  funnel  injec¬ 
tors  and  the  whole  structure  is  embedded  between 
conducting  cladding  layers  to  ensure  efficient  electron 
injection  and  waveguiding.  The  cladding  layers  con¬ 
tain  low-doped  GaAs  core  layers  between  the  active 
region  and  highly  doped  n+  GaAs  layers  acting  as  a 
plasma-enhanced  confinement  [12,13]. 

The  microlasers  are  step-wise  (a  =  0.02)  defonned 
starting  from  a  circular  cross  section  (deforming 
parameter  =  0)  to  a  quadrupolar  cross  section 
(e  =  0.24)  following  the  quadrupolar  shape  given  in 


Ref.  [14]  where  also  the  polar  coordinates  are  defined. 
Starting  from  a  radius  R  =  60  or  70  pm  the  radius  in 
one  direction  (short  axis)  is  step  wise  reduced  while 
the  radius  in  the  other  direction  (long  axis)  is  kept 
constant.  The  pattern  of  these  deformed  quadrupols 
is  transferred  to  the  QCL-material  via  photolithogra¬ 
phy,  and  dry  etched  using  a  SiN  mask  and  reactive 
ion  etching  (RIE).  On  the  top  of  the  ~  9  pm  high 
resonators  a  Ti/Au  contact  is  formed  by  sputtering, 
afterwards  the  Ge/Au/Ni/Au  back  contact  is  evap¬ 
orated.  The  back  contact  has  been  alloyed  for  some 
samples  and  for  others  it  has  not  been  alloyed.  There 
is  no  noticable  difference  in  the  performance  between 
samples  with  alloyed  and  non-alloyed  contacts.  The 
microlasers  are  In-soldered  on  a  samples  holder  and 
mounted  in  a  He-cooled  flow  cryostat. 

For  measuring  the  far-field  pattern  the  mid-infrared 
laser  beam  from  a  microlaser  is  collected  with  a  f/2.9 
ZnSe-lense  onto  an  LN2  cooled  MCT.  The  setup  has  a 
collecting  angle  of  19°.  The  samples  in  the  flow  cryo¬ 
stat  are  turned  in  steps  of  0  ~  1 T  in  order  to  record 
the  emitted  intensity  for  different  angles  0.  The  lasing 
spectrum  gets  multi  mode  for  higher  driving  currents. 
Emission  spectra  are  obtained  using  a  Fourier  trans¬ 
form  infrared  spectrometer.  The  samples  are  driven 
with  200  ns  long  pulses  at  a  repetition  rate  of  37  kHz 
and  at  a  temperature  of  12  K. 

In  Fig.  1  the  far-field  patterns  of  two  micro¬ 
lasers  (placed  on  different  positions  on  wafer)  with 
R  =  70  pm  for  the  long  radius  ((j)  =  0°),  R\  =53  pm 
for  the  short  radius  (^  =  90°)  and  a  deformation  of 
£  =  0.16  are  depicted.  The  threshold  current  density 
for  both  is  7.6  kA/cm^.  To  guarantee  a  single-mode 
operation  the  microlasers  are  driven  at  low  driving 
currents.  The  maximum  in  the  far-field  pattern  is  lo¬ 
cated  at  (j)  50°,  typical  for  a  bow-tie  mode.  Fig.  2 

shows  the  emission  spectrum  of  these  microlasers  for 
high  driving  current  in  order  to  resolve  the  side  modes 
and  to  measure  the  mode  spacing.  The  calculated 
bow-tie  mode  spacing  Av  [14,15]  for  these  lasers 
is  Av  =  8.16cm“'  for  <5^>  ^  50°.  The  measured 
value  Av  =  8.2  cm~^  agrees  very  well  to  the  calcu¬ 
lated  one. 

Following  the  considerations  in  Ref.  [14]  the  bow- 
tie  modes  appear  for  deformations  larger  than  £  =  0.1. 
Below  this  value  the  resonator  modes  are  WGMs  with 
high  internal  reflectivity  and  the  low  outcoupling  of 
the  lasing  radiation  due  to  evanescent  leakage  and 
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Fig.  1.  Typical  far-field  pattern  of  a  bow-tie  mode  with  directional 
emission  around  50°. 


Fig.  2.  Emission  spectrum  of  an  intersubband  laser  at  T  =  10  K 
measured  in  continuous  scan  mode.  The  FWHM  derived  of  the 
main  peak  is  4.6  cm“’. 

scattering  on  surface  imperfections.  Above  e  =  0.1  the 
reflectivity  of  the  modes  in  the  resonators  decreases 
and  the  outcoupling  of  the  radiation  increases. 


Fig.  3.  Far-field  pattern  for  different  defonnations.  The  large  radius 
i?  —  60  pm  is  constant  for  all  deformations  whereas  the  smaller  one 
is  decreasing  from  48.4  to  42.8  pm  with  increasing  deformation. 
The  measured  data  points  for  the  different  far  field  are  nonnalized 
to  their  respective  maximal  value. 


In  Fig.  3  far-field  patterns  for  deformations  ranging 
from  £  =  0.12  to  0.2  are  shown.  The  long  radius  for 
these  microlasers  is  kept  constant  at  7?  —  60  pm  and 
the  shorter  one,  R\,  is  decreased  from  48.4  (a  =  0.12) 
to  42.8  pm  (£  =  0.2).  It  is  remarkable  that  at  a  defor¬ 
mation  of  £  =  0.18  and  0.2  the  bow-tie  mode  can  be 
seen  in  the  far-field  pattern;  but  from  £  =  0.12  to  0.16 
the  far-field  patterns  differ  from  that  one  of  a  simple 
bow-tie  mode.  Two  maxima  in  the  far  field  for  the 
£  =  0.12  microlaser  ean  be  distinguished:  the  largest 
one  between  0  ~  90°  and  80°  and  a  smaller  one  be¬ 
tween  (j)  ^  50°  and  10°.  The  peak  around  (j)  —  90°  is 
decreasing  with  increasing  deformation  whereas  the 
second  peak  around  (j)  35°  is  increasing. 

To  discover  the  reason  of  the  behaviour  depicted 
in  Fig.  3  the  shape  of  the  resonator  modes  (whieh  are 
the  origin  for  the  different  far-field  patterns)  in  the 
deformed  resonators  have  to  be  found. 
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Abstract 

Magnetic  field  studies  on  photon-assisted  tunneling  transition-based  quantum  cascade  lasers  are  reported.  Laser  action  at  a 
wavelength  of  ?.  ^  10.5  pm  is  achieved  by  oscillator  strength  tuning.  The  characteristics  of  these  lasers  are  a  small  threshold 
cuiTent  at  low  temperature  (1.1  kA/cm^ ),  an  optical  power  up  to  1 60  mW  at  80  K  and  a  maximal  operation  temperature  of 
200  K.  A  strong  magnetic  field  applied  perpendicularly  to  the  layers  results  in  a  threshold  current  of  the  laser  which  shows 
several  minima  and  maxima  under  increasing  magnetic  field.  In  a  parallel  magnetic  field,  electroluminescence  measurements 
show  a  strong  decrease,  a  broadening  and  a  blue-shift  of  the  luminescence  peak.  ©  2000  Elsevier  Science  B.V.  All  rights 
reserved. 

Keywords:  Magnetic  field;  Quantum  cascade  lasers;  Mid-infrared;  Photon-assisted  tunneling 


Quasi-two-dimensional  electron  systems  in  mag¬ 
netic  field  have  been  the  subject  of  many  experimen¬ 
tal  and  theoritical  studies.  If  the  magnetic  field  is 
perpendicular  to  the  layers,  i.e.  parallel  to  the  electric 
field,  the  Hamiltonian  can  be  separated  in  perpen¬ 
dicular  and  in-plane  motion.  The  in-plane  states  are 
then  localized  into  Landau  levels.  This  additional 
localization  offers  the  possibility  of  simulating  a 
quantum  box  structure:  the  intersubband  emission 
should  occur  between  Landau  levels  instead  of  sub¬ 
bands.  Quantum  cascade  (QC)  lasers  [1]  based  on 
such  quantum  boxes  have  already  been  proposed 
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[2,3].  The  situation  becomes  more  complicated  if 
a  magnetic  field  is  applied  parallel  to  the  layers: 
thus  we  end  up  with  a  crossed  electric  and  mag¬ 
netic  field  system.  Numerous  studies  have  been 
done  for  such  conditions:  theoretically  [4,5]  as  well 
as  experimentally  (see  for  example  Refs.  [6-8]). 
Here,  we  report  measurements  on  a  QC  laser  [1] 
based  on  a  diagonal  transition  in  presence  of  a  strong 
magnetic  field  perpendicular  and  parallel  to  the  layers. 

The  laser  designed  for  these  measurements  is  based 
on  a  photon-assisted  tunneling  transition  [9]  by  os¬ 
cillator  strength  tuning  [10].  In  contrast  to  QC  lasers 
based  on  diagonal  transitions  where  the  threshold 
condition  is  achieved  by  increasing  population  inver¬ 
sion,  here  the  lasing  threshold  is  achieved  by  keep¬ 
ing  the  population  inversion  constant  and  increasing 
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Injection  barrier 


Fig.  1.  Sclf-consistcnl  computation  of  the  energy  band  diagram 
of  two  periods  of  the  structure  under  an  average  applied  eleetric 
field  of  55  kV/cm.  Shown  are  the  moduli  squared  of  the  relevant 
wave  functions.  The  wavy  line  indicates  the  transition  responsible 
for  laser  action.  The  thickness  of  the  different  layers  is  indicated 
in  nanometers. 

both  matrix  element  and  energy  of  the  designed 
photon-assisted  transition.  Fig.  1  shows  one  period 
of  the  structure,  grown  by  molecular  beam  epi¬ 
taxy  (MBE)  lattice-matched  to  an  InP  substrate.  It 
consists  of  an  Al().48lno.52As/Ga().47lno.53As  super- 
lattice  and  a  Ga().47ln(),53As  quantum  well  of  7.4 
nm  between  two  Alo,48lno.52As  tunneling  banders. 
Under  suitable  applied  bias,  photon-assisted  tun¬ 
neling  emission  occurs  across  the  injection  bander 
upstream  from  this  quantum  well.  The  downstream 
barrier  allows  fast  electron  escape  into  the  next  well 
by  tunneling.  Electroluminescence  spectra  without 
magnetic  field  on  a  structure  processed  in  squared 
mesas  to  avoid  optical  feedback  and  gain  showed 
a  strong  first-order  Stark  shift  due  to  the  interwell 
77=1  to  n  =  V  designed  transition  (see  Fig.  1). 
This  is  due  to  the  large  spatial  difference  between 
the  center  of  the  electron  probability  distribution  of 
the  states  1  and  1'.  A  second  peak  attributed  to  the 
vertical  intcrwcll  transition  2'-\'  in  the  7.4  nm-wide 
well  was  also  observed.  The  main  characteristics  of 
the  laser  (processed  into  ridge  waveguides  of  28  pm 
width  by  wet  chemical  etching)  are  a  low  threshold 
current  of  1.1  kA/cm^  and  a  maximum  output  power 
of  160  mW  at  80  K  in  pulsed  mode.  The  laser  oper¬ 
ates  up  to  200  K  with  up  to  20  mW  at  190  K,  with  an 
emission  wavelength  of  about  10.5  pm  depending  on 
electric  field  and  temperature.  In  continuous  wave  it 


Current  density  [kA/cm^j 
0  0.5  1  1.5  2  2.5  3  3.5  4 


0  0.2  0.4  0.6  0.8  1.0  1.2  1.4  1.6 

Current  [A] 


Fig.  2.  L-I  curves  of  a  28-|.im-wide  and  1.4-mm-Iong  QC  laser 
measured  at  different  temperature.  Also  shown  is  a  V-1  curve 
measured  at  80  K. 

Operates  up  to  40  K  with  a  mono-mode  emission  just 
above  the  threshold  current.  Typical  light  {L-I)  and 
voltage  {V-I)  versus  current  curves  are  displayed 
in  Fig.  2  for  a  1 .4-mm-long  device  in  pulsed  mode. 
The  intensity  of  light  was  measured  with  a  calibrated 
500  X  500  pm^  room  temperature  HgCdTe  detector. 
The  curvature  of  the  L-1  curves  at  threshold  is  due 
to  the  fact  that  laser  action  takes  place  at  a  smaller 
voltage  than  expected.  In  such  a  case,  the  losses  are 
still  too  high  to  yield  a  good  differential  efficiency. 
Details  on  electroluminescence  spectra  and  laser 
characteristics  will  be  presented  in  Ref  [11]. 

To  performed  magneto-optical  measurements,  the 
samples  were  mounted  on  special  holders  which  al¬ 
lowed  to  characterize  them  in  a  magnetic  field  either 
perpendicular  or  parallel  to  the  layers.  The  magnetic 
field  with  a  maximum  strength  of  14  T  was  produced 
by  a  superconducting  magnet  located  in  a  helium  cryo¬ 
stat.  The  sample  temperature  could  be  varied  between 
2  and  300  K  using  a  needle  flow  control  valve  between 
helium  bath  and  sample  tube.  Light  collection  was 
then  accomplished  by  lenses  and  mirrors  and  the  re¬ 
sulting  beam  was  sent  in  a  Fourier-transform  infrared 
spectrometer  (FTIR)  Nicolet  860  to  perform  spectra 
or  in  a  HgCdTe  detector  to  perform  L-I  curves. 

In  perpendicular  magnetic  field,  we  simulate,  as 
mentioned  in  the  introduction,  a  quantum  box  laser. 
Since  the  intersubband  emission  of  the  laser  should 
occurs  between  Landau  levels,  the  optical  phonon 
emission  is,  in  general,  forbidden.  Then,  with  applied 
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Fig.  3.  Threshold  cun-ent  versus  applied  perpendicular  magnetic 
field. 


magnetic  field,  the  threshold  current  should  show 
maxima  and  minima  when  there  is  a  resonance  with 
the  optical  phonon.  Fig.  3  shows  experimental  re¬ 
sults  of  laser  threshold  current  versus  magnetic  field 
done  at  r  =  30  K.  Minima  and  maxima  are  observed 
but  the  separation  between  them  is  less  than  the  ex¬ 
pected  one.  Moreover,  the  size  of  the  maxima  should 
increase  at  high  field  and  this  is  not  the  case. 

In  parallel  magnetic  field,  the  Hamiltonian  is 


H  =  - 


2m  ^  dz^ 


X 


+  Vcondz)  + 

leBkxZ  \ 


(1) 


where  Fconf(^)  is  the  periodic  potential  due  to  the 
conduction-band  discontinuity,  e  the  elementary 
charge  and  the  effective  mass. 

Two  terms  are  due  to  the  magnetic  field:  the  first 
one,  leBkxzIfl,  acting  as  an  electric  field  and  the  sec¬ 
ond  one,  ^B^z^jfi?-,  being  quadratic  in  B.  To  solve 
the  Schroedinger  equation  with  plane  waves  in  the 
X-  and  y-directions,  the  magnetic  field  can  be  treated 
as  a  perturbation.  The  first-order  correction  in  energy 
results  in  [4] 


A - 


(2) 


where  (z)  and  (z^)  are  expectation  values  of  the  re¬ 
spective  operators  for  the  unperturbed  wave  functions 


and  £'conf(-^)  corresponds  to  the  energy  quantifica¬ 
tion  due  to  the  potential  Fconf(^)*  In  fact,  (z)  repre¬ 
sents  the  position  of  the  gravity  center  of  the  wave 
function  with  respect  to  the  origin  of  the  z-axis. 
The  third  term  on  the  left-hand  side  of  Eq.  (2)  changes 
the  usual  dispersion  in  k^  to  a  parabola  shifted  in 
/:-space  by  a  value  called  A:shift  =  —eB{z)l%.  The 
fourth  term  is  called  diamagnetic  shift  and  slightly 
changes  the  energy  independently  of  the  choice  of  the 
origin.  It  is  clear  that  this  effect  should  be  observed 
only  for  diagonal  transitions  where  (z)  is  different  for 
the  two  states  involved  in  the  transition. 

We  investigated  our  structure  in  a  parallel  magnetic 
field  to  study  the  behaviour  of  the  intersubband  elec¬ 
troluminescence  spectra  in  presence  of  such  a  field. 
The  structure  was  processed  in  mesas  like  for  the 
electroluminescence  measurements  without  magnetic 
field.  The  spectra  were  measured  using  the  FTIR  in 
step-scan  mode  and  a  lock-in  amplifier.  Luminescence 
spectra  at  30  K  obtained  at  a  constant  voltage  of  13  V 
for  different  applied  magnetic  fields  are  displayed  in 
Fig.  4a).  The  main  peak  due  to  the  interwell  1-1'  tran¬ 
sition  at  about  130  meV  presents  three  important  dif¬ 
ferent  behaviours  in  function  of  the  applied  magnetic 
field.  First,  the  peak  has  a  strong  quenching  of  his  in¬ 
tensity.  The  inset  of  Fig.  4a  shows  the  decrease  of  the 
peak  integral  in  function  of  the  magnetic  field.  The 
light  intensity  is  proportional  to  the  oscillator  strength 
and  then  to  the  squared  transition  matrix  element.  Then 
this  latter  seems  to  strongly  decrease  in  a  parallel  mag¬ 
netic  field.  We  made  computation  of  the  energy  band 
diagram  and  matrix  elements  of  the  transition  taking 
into  account  the  effects  of  the  parallel  magnetic  field 
by  inserting  Hamiltonian  1  in  our  model.  The  inset  of 
Fig.  4a  shows  the  values  of  the  transition  matrix  ele¬ 
ments  calculated  by  this  model,  which  decrease  sig¬ 
nificantly  less  than  the  experimental  results. 

The  peak  exhibits  also  a  broadening  and  a  blue  shift 
of  the  transition  energy.  In  contrast,  besides  the  broad¬ 
ening,  our  model  predicts  a  red  shift  of  the  emission, 
as  shown  in  Fig.  4b.  Here  we  made  the  assumption 
that  the  matrix  element  of  the  transition  is  constant. 
This  explains  why  the  peak  intensity  does  not  change 
in  the  simulation.  Measurements  performed  at  10  V 
and  at  200  and  300  K  at  13  V  have  shown  the  same  de¬ 
crease  of  the  peak  integral  of  the  luminescence  peaks. 
This  effect  seems  then  to  depend  neither  on  the  bias 
nor  on  the  temperature.  Although  the  model  does  not 
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Fig.  4.  (a)  Luminescence  spectra  at  diflerent  applied  parallel  mag¬ 
netic  fields  at  a  voltage  of  1 3  V.  The  inset  shows  the  peak  integral 
decrease  versus  applied  magnetic  field,  (b)  Simulated  lumines¬ 
cence  spectra  predicting  a  broadening  and  a  red  shift  of  the  peak. 

correctly  predict  the  observed  comportment,  we  can 
see  that  it  is  in  good  agreement  with  the  broadening  of 
the  luminescence  peak.  The  blue  shift  and  the  strong 
decrease  of  the  luminescence  emission  are  still  to  be 
explained.  We  expect  that  introducing  the  Hall  effect 


and  the  k-spacc  electronic  distribution  should  refine 
enough  the  model  to  become  predictive. 
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Abstract 

We  report  on  an  application  of  the  recently  developed  electrically  pumped  GaAs/AlGaAs  quantum  cascade  lasers  in  gas 
spectroscopy.  Laser  light  with  emission  maximum  at  10.009  pm  is  used  to  investigate  the  absorption  in  side  bands  of  the 
vibrational  spectrum  of  ethene  at  atmospheric  pressure.  Different  mixtures  of  helium  and  ethene  with  known  concentrations 
are  flushed  through  an  absorption  cell.  Laser  radiation  passing  through  the  gas  absorption  cell  is  analyzed  using  a  Fourier 
transform  spectrometer.  The  laser  spectrum  is  modulated  by  the  ethene  absorption.  The  experimentally  obtained  discrete 
spectrum  is  compared  with  the  Hitran  database,  showing  full  agreement.  ©  2000  Published  by  Elsevier  Science  B.V.  All 
rights  reserved. 

Keywords:  QuanUim  cascade  lasers;  Gas  spectroscopy;  GaAs  laser 


Laser  spectroscopy  is  a  powerful  analytic  tool  in 
many  technical  and  scientific  branches  since  several 
decades.  It  uses  the  advantage  of  lasers  as  gen¬ 
erators  of  coherent  radiation  with  extremely  high 
spectral  density.  Until  the  last  decade,  most  of 
the  applications  used  near-infrared  (NIR)  or  visi¬ 
ble  laser  sources.  Development  of  the  mid-infrared 
laser  spectroscopy  was  limited  to  the  only  avail¬ 
able  CO2  laser.  The  advent  of  lead  salt  lasers 
and  later  quantum  cascade  lasers  based  on 
intersubband  transitions  in  InGaAs/InAlAs/InP 
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heterostructures  [1]  significantly  extended  the 
possibilities  of  laser  spectroscopy  in  the  mid-infrared 
range. 

GaAs/AlGaAs  quantum  cascade  lasers  have  been 
introduced  recently  [2-4].  We  report  on  the  applica¬ 
tion  of  a  GaAs/AlGaAs  QCL,  in  gas  spectroscopy. 
The  laser  has  been  fabricated  following  the  design 
described  in  Ref  [3].  The  aluminum  content  in  the 
AlGaAs  ternary  (barrier  material)  is  kept  at  30%,  in 
order  to  lower  the  barriers  and  to  achieve  emission 
at  longer  wavelengths.  The  high-resolution  mul¬ 
timode  spectrum  (res  =  0.125  cm“' )  of  the  laser 
is  shown  in  Fig.  1  (lower  curve).  The  spectrum 
of  the  ridge  waveguide  laser  operated  in  pulsed 
mode,  is  recorded  at  T  =  62  K,  at  a  repetition  rate 


1386-9477/00/$ -see  front  matter  ©  2000  Published  by  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  81386-9477(99)00305-7 


38 


L.  Hvozdara  et  al !  Physica  E  7  (2000)  37-39 


Fig.  1.  Spectra  of  the  used  QCl  with  dominant  emis.sion  maximum 
at  999.09  cm“'  (lower  curve)  and  of  elhcnc  absorption  taken 
from  Hilran  database  files  (upper  curve).  The  laser  is  tuned  by 
temperature  to  match  the  dominant  emission  peak  with  a  strong 
absorption  line  in  the  cthcnc  absorption  spectrum. 

/  =  5  kHz,  a  pulse  duration  of  100  ns  and  a  peak 
current  density  of  18  kA/cm^.  The  laser  operating  at 
these  conditions  exhibits  an  overlap  of  the  dominant 
mode  with  a  strong  absorption  in  the  side-band  of 
the  vibrational  spectrum  of  ethcnc  (Fig.  1  -  upper 
curve). 

The  experimental  setup  is  depicted  in  Fig.  2.  The 
absorption  cell  is  a  400  mm  tube,  1.13  mm  in  diam¬ 
eter  [5].  The  inner  wall  of  the  tube  is  silver  coated. 
The  composition  of  the  gas  mixture,  consisting  of  he¬ 
lium  (carrier  gas)  and  ethene  (analyte)  is  controlled 
with  mass  flow  controllers.  A  stabilized  flux  of  the 
defined  gas  mixture  is  flushed  through  the  absorp¬ 
tion  cell  during  the  measurement  at  a  rate  of  200- 
500  scem/min.  The  laser  bar  is  installed  in  a  liquid 
helium  cooled  cryo-flow.  The  emitted  laser  radiation 
is  collected  using  f/0.75  ZnSe  meniscus  lens,  and  fo¬ 
cused  on  the  inlet  of  the  absorption  gas  cell.  The  light, 
passing  through  the  cell  is  collected  using  off-axis 
parabolic  mirrors  and  launched  into  the  interferome¬ 
ter  of  a  Fourier  transform  infrared  spectrometer.  An 
LN2  cooled  mcrcury-cadmium-telluride  (MCT)  de¬ 
tector  is  used  to  detect  the  signal. 

The  ethene  concentration  is  varied  in  nine 
steps  from  ^1000  to  ^30000  ppm  to  obseiwe 
the  influence  of  the  concentration  on  the  trans¬ 
mission  at  different  lasing  modes.  The  reference 


Fig.  2.  Scheme  of  the  experimental  setup.  Light  emitted  from  a 
laser  in  the  He  cooled  cryo-flow,  is  collected  using  ZnSe  lens  and 
focused  by  an  off-axis  parabolic  minor  on  the  inlet  window  of  the 
absorption  cell.  Light  passing  the  cell  is  collected  into  the  FTIR 
spectrometer. 

spectioim  is  recorded  with  pure  helium  in  the  gas 
cell.  The  absorption  spectrum  of  ethene  (Fig.  1  upper 
curve)  is  taken  from  Hitran  database. 

Fig.  3a  shows  ten  spectra  of  the  mode  with  emis¬ 
sion  maximum  at  997.8  cm”^  recorded  for  ten  dif¬ 
ferent  concentrations  of  the  ethene  mixture.  Fig.  3b 
shows  ten  spectra  with  concentration  as  a  parame¬ 
ter  recorded  for  999.08  cm“*.  The  concentrations  are 
given  in  the  figure  caption.  Both  Fig.  3a  and  b  are 
scaled  in  such  a  way,  that  the  spectra  of  maximal 
transmission  (curves  (j)  -  pure  He)  are  of  the  same 
height.  Spectrum  recorded  with  pure  He  in  the  optical 
path  serves  as  a  background  to  establish  the  transmit¬ 
tance.  Transmittance  as  a  function  of  the  concentra¬ 
tion  is  plotted  in  Fig.  4  for  both  investigated  frequen¬ 
cies.  Significantly  stronger  absorption  is  observed  at 
999.08  cm“ ' ,  compared  to  that  at  997.8  cm" ' .  Curves 
are  fitted  exponentially,  according  to  the  Lambert- 
Beer  law: 

I  =  IoCxp(— peel) 

where  /  is  the  transmitted  light  intensity,  Iq  is  the 
incident  light  intensity,  c  is  concentration  of  the 
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997.6  997.7  997.8  997.9  998  998,9  999  999.1  999.2  999.3 


Wavenumbers  [cm"']  Wavenumbers  [cm**] 

Fig.  3.  Comparison  of  the  absorption  at  two  different  modes, 
(a)  997.8  cm"'  and  (b)  999.09  cm"'.  Spectra  are  recorded  for 
different  ethene  concentrations:  (a)  29918  ppm,  (b)  21  000  ppm, 
(c)  16481  ppm,  (d)  13064  ppm,  (e)  9622  ppm,  (f)  7314  ppm, 
(g)  4  763  ppm,  (h)  3133  ppm,  (i)  1438  ppm,  (j)  pure  helium  (0 
ppm).  The  modes  are  scaled  to  the  same  height.  The  999.09  cm"' 
mode  exhibits  significantly  stronger  absorption,  compared  to  the 
997.8  cm"'  mode. 


Fig.  4.  Normalized  transmittance,  as  a  function  of  the  concentration 
for  997.8  cm"'  mode  (rings)  and  for  999.01  cm”'  mode  (dots). 
The  dependencies  are  exponentially  fitted  (lines). 


analyte,  p  is  the  pressure  of  the  mixture,  s  is  the 
extinction  coefficient  and  I  is  the  optical  path.  The 
value  of  the  exponent  from  the  exponential  fit,  di¬ 
rectly  expresses  the  absorption  strength,  correspond¬ 
ing  to  the  investigated  frequency,  since  the  pressure 
and  the  optical  path  are  constant,  and  the  concen¬ 
tration  is  a  variable  in  the  plot.  The  exponent  value 
of  -6.495  X  10“^  for  997.08  cm*"^  is  3.23  times 
larger  than  the  exponent  value  of  —2,1009  x  10“"^, 
corresponding  to  999.08  cm“’.  The  ratio  of  3.218 
obtained  from  the  theoretical  spectrum  (Hitran  data 
base)  is  in  a  good  agreement  with  the  results  of  the 
measurement.  The  small  difference  between  the  the¬ 
oretical  and  the  measured  values  can  be  assigned  to 
the  uncertainty  in  the  emission  peak  position. 

We  have  demonstrated  an  application  of  a 
GaAs/AlGaAs  quantum  cascade  laser  in  gas  spec¬ 
troscopy.  A  laser  operated  at  62  K  in  pulsed  mode, 
emitting  a  multimode  spectrum  of  longitudinal  Fabry- 
Perot  mode,  centered  at  10  pm  is  used  to  measure 
the  absorption  in  helium  -  ethene  gas  mixtures  with 
different  ethene  concentrations.  Gas  mixtures  are 
flushed  through  400  mm  long  absorption  cell.  The 
light  absorption  at  two  modes  -  997.08  cm“^  and 
999.09  cm“'  is  compared.  The  mode  centered  at 
999.08  cm  “'exhibits  significantly  stronger  absorp¬ 
tion  compared  to  the  997.08  cm“'  mode.  The  results 
are  compared  to  the  Hitran  database  files,  showing 
full  agreement. 
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Abstract 

We  analyze  the  use  of  heavily  doped  semiconductor  layers  as  a  means  to  tightly  confine  light.  The  very  low  refractive 
index  1 )  that  is  present  just  above  the  plasma  frequency  renders  large  index  steps  possible.  Slab  waveguide  structures 
with  InP  or  GaAs  cladding  layers  doped  to  no  ~  lO'^^  cm~^  are  analyzed  in  the  mid-IR  wavelength  range,  X  =  4—15  pm.  The 
performance  of  the  waveguide  in  terms  of  achieved  overlap  with  an  active  region  of  a  given  thickness  versus  the  waveguide 
absorption,  is  compared  to  waveguides  based  on  surface  plasmons.  The  calculated  results  indicate  that  these  plasma  effect 
waveguides  should  be  favourable  in  this  respect  for  wavelengths  X  ^  6-10  pm  using  heavily  doped  InP  as  a  cladding.  In 
GaAs  efficient  use  of  the  plasma  effect  is  limited  to  wavelengths  X  >  9  pm.  Guidelines  for  required  doping  levels  are  given. 
©  2000  Elsevier  Science  B.V.  All  rights  reserved. 
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A  high  confinement  of  the  optical  field  is  of  vital 
importance  for  efficient  operation  of  optical  devices. 
The  usual  way  to  achieve  waveguiding  at  optical  fre¬ 
quencies  is  to  use  a  slab  waveguide,  which  is  based 
on  the  relative  refractive  index  difference  between  a 
higher-index  core  material  and  a  lower  index  cladding 
material.  For  the  commonly  used  wavelength  of  opti¬ 
cal  communication,  1.55  pm,  the  core  thicknesses  in 
semiconductor  heterostructures  are  a  few  tenths  of  a 
micrometer.  This  corresponds  to  a  reasonable  number 
of  quantum  wells  10)  that  are  required  for  a  good 
overlap  with  the  optical  mode. 

For  mid-IR  wavelengths,  X  ^  4-15  pm,  there  is  an 
index  contrast  of  about  1 0%  in  ordinary  material  sys- 
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terns  such  as  AlGaAs/GaAs  and  InGaAs/InP,  about 
the  same  value  as  closer  to  the  band  edge.  The  re¬ 
quired  thickness  of  the  core  and  cladding  layers  thus 
scales  in  proportion  to  the  wavelength  of  the  light, 
which  may  entail  several  disadvantages  for  the  longer 
wavelengths.  Thick  cladding  layers  increase  the  se¬ 
ries  resistance  of  a  device  and  is  also  time  consuming 
to  grow  with  MBE.  With  a  thick  core  a  large  num¬ 
ber  of  quantum  wells  and  thus  a  large  applied  voltage 
is  needed  to  have  a  strong  interaction  with  the  opti¬ 
cal  mode.  Alternatively,  if  a  smaller  number  of  wells 
is  used  in  a  longer  device,  the  RC  time  constant  of 
the  device,  which  often  limits  the  speed  in  modulators 
[1]  and  detectors  [2],  is  drastically  increased.  In  order 
to  achieve  a  low  RC  constant  in  conjunction  with  a 
low  applied  voltage,  a  tight  confinement  of  the  optical 
mode  is  needed. 
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Table  1 

Material  parameters  used  in  the  numerical  calculations  for  InP  and 
GaAsCr^SOOK) 


InP 

GaAs 

(eV) 

1.35 

1.42 

0.074 

0.067 

es 

12.60 

12.90 

9.61 

10.90 

fioy\^o  (W) 

0.043 

0.035 

Fig.  1 .  Mode  intensity  profile  of  TM-polarized  light  and  profile 
of  the  refractive  index  perpendicular  to  the  growth  direction  in 
a  plasma  effect  waveguide.  The  dotted  line  indicates  the  mode 
index.  The  cladding  layers  are  InP  doped  at  «d  =  2  x  lO’^  cm“^. 
Indicated  is  also  the  waveguide  absorption 


In  the  mid-IR  spectrum  there  are  however  two  pos¬ 
sibilities  to  achieve  a  tight  confinement  of  the  optical 
mode.  One  is  to  utilize  the  anomalously  low  refrac¬ 
tive  index  that  is  experienced  by  light  with  frequencies 
just  above  the  plasma  frequency  [3].  A  slab  waveg¬ 
uide  can  then  be  formed  as  shown  in  Fig.  1,  by  heavily 
doping  («D  10'^  cm"^)  the  cladding  layers  so  that 

the  plasma  frequency  approaches  the  frequency  of  the 
guided  light.  We  here  refer  to  this  kind  of  waveguide 
as  a  plasma  effect  waveguide  (PEWG).  The  plasma 
effect  has  been  used  frequently  in  quantum  cascade 
lasers  to  reduce  cladding  layer  thickness,  but  without 
substantially  affecting  the  confinement  [4]. 

The  other  possibility  to  achieve  a  high  confine¬ 
ment  of  the  optical  field  is  to  use  electro-magnetic 
surface  waves  (surface  plasmons)  guided  by  a 
metal/semiconductor  interface  [5].  Quantum  cascade 
lasers  emitting  at  8.0  and  1 1.4  pm  that  rely  on  surface 
plasmons  have  recently  been  demonstrated  [6]. 

The  purpose  of  this  paper  is  to  evaluate  and  compare 
the  achieved  confinement  versus  waveguide  loss  in 
these  two  waveguide  types. 

The  complex  dielectric  constant  of  the  heavily 
doped  layers  is  determined  in  the  classical  Drude 
model  as 


{n  —  ik)^  =  a  = 


(1) 


where  n  and  k  are  the  real  and  imaginary  parts  of  the 
refractive  index,  1/t  is  the  scattering  rate  and  r]  =  I  -\- 
1/(cot)^  1  at  the  frequencies  and  doping  densities 


considered  here.  The  scattering  rate  has  been  deter¬ 
mined  in  a  quantum  mechanical  calculation  [7],  since 
the  photon  energy  hco  is  not  small  compared  to  typ¬ 
ical  electron  energies.  In  this  paper  we  include  the 
most  important  scattering  processes  [7]  for  free  car¬ 
rier  absorption  of  mid-IR  light,  i.e.  scattering  due  to 
LO  phonons  and  ionized  impurities. 

At  moderate  electron  densities,  the  plasma 
frequency  is  accurately  given  by  cOp  = 
where  is  the  mass  at  the  conduction  band  edge.  At 
high  doping  densities  however  the  non-parabolicity  of 
the  band  should  be  accounted  for.  If  the  dependence 
of  the  scattering  rate  on  the  initial  electron  energy  is 
neglected,  then  an  effective  plasma  frequency  can  be 
defined  as 


CDl 


m^{E)&^EQ 


(2) 


where  g{E)  is  the  density  of  states  and  f{E)  is 
the  Fermi  distribution  function.  To  describe  the 
non-parabolic  dispersion  we  use  the  two  band  Kane 
model,  which  remains  adequate  far  above  the  band 
edge,  i.e.  the  energy-dependent  electron  mass  is  given 
by  mc(£')  =  We(l  -\-2ElEg),  where  Eg  is  the  funda¬ 
mental  band  gap.  As  a  result  of  non-parabolicity  the 
effective  plasma  frequency  tends  to  saturate  at  high 
doping  levels. 

The  material  parameters  of  InP  and  GaAs  used  in 
the  numerical  calculations  are  given  in  Table  1.  In 
Fig.  2  the  calculated  n  and  k  of  heavily  doped  InP  is 
shown  along  with  the  absorption  coefficient  in  bulk 
material,  a  =  AnkjX,  where  X  is  the  free  space  wave¬ 
length  of  the  light.  It  is  interesting  to  note  that  for 
a  given  desired  index  change,  the  magnitude  of  the 
free  carrier  absorption  is  to  a  large  degree  indepen¬ 
dent  of  the  wavelength  of  the  light.  This  is  in  stark 
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Fig.  2.  Calculated  real  and  imaginaty  part  of  the  refractive  index, 
as  well  as  absorption  coefficient  of  InP  as  a  function  of  the 
doping  density  Results  arc  given  for  three  difTcrent  free  space 
wavelengths. 

contrast  to  the  absorption  of  surface  plasm ons,  which 
is  known  to  increase  strongly  with  reduced  wave¬ 
length. 

The  plasma  effect  is  limited  towards  shorter  wave¬ 
lengths  by  the  maximum  achievable  free  carrier  eon- 
centration.  In  Sn-doped  InP  a  free  electron  concen¬ 
tration  of  tic  =  33  X  10'"^  cm^-"^  with  no  compensa¬ 
tion  has  been  achieved  using  MOCVD  [8],  and  in 
GaAs  :  Si  «c  =  1.6  X  lO’^  cm“^  at  low  compensation 
has  been  obtained  [9].  Scattering  processes  from  the 
central  T-valley  to  the  L-valley  [10]  have  not  received 
much  attention  in  the  literature  but  should  become  in¬ 
creasingly  important  as  the  Fenui  level  approaches 
the  L(,  band  edge.  Additionally,  thermal  population 
of  the  high  mass  I-valley  should  effectively  saturate 
the  plasma  frequency.  These  effects  relating  to  the 
L-valley  were  not  included,  but  should  be  considered 
in  order  to  further  elucidate  the  lower  wavelength  limit 
of  the  plasma  effect.  Conservative  (low)  estimates  of 
the  separation  of  the  band  edges  L(^  —  are  0.53  eV 
in  InP  and  0.29  eV  in  GaAs.  The  corresponding  free 
carrier  densities  in  the  T-valley,  indicated  by  the  dot¬ 
ted  lines  in  Fig.  3,  are  5.8  X  10'*^  and  1.7  x  lO'^  cm“^ 
respectively. 

With  the  help  of  Fig.  3  a  suitable  doping  level  in 
InP  and  GaAs  can  be  found.  It  is  evident  that  in  order 
to  efficiently  exploit  the  plasma  effect  a  high  accuracy 
±10%)  of  the  doping  level  must  be  accomplished. 

The  transfer  matrix  method  has  been  employed  to 
solve  for  TM-polarized  modes,  relevant  for  intersub¬ 


Fig.  3.  Required  doping  levels  in  TnP  (solid)  and  GaAs  (dashed) 
in  order  to  achieve  a  given  refractive  index,  n  =  0.5, 1.0, 1.5, 2.0. 
The  doping  level  is  given  in  relation  to  the  doping  density  that 
equilibrates  the  plasma  frequency  in  a  parabolic  band  with  the 
light  frequency,  i.e.  «D(f«>p  =  co)  =  je^ ,  which  is  easily 

accessible.  The  dotted  lines  indicate  where  the  Fenni  level  reaches 
the  I-valley  band  edge,  and  can  be  taken  as  somewhat  optimistic 
lower  wavelength  limits. 

band  transitions.  The  overlap  of  the  optical  mode  with 
the  active  layer  should  properly  be  defined  as  [11] 

(3) 

aa 

where  am  is  the  mode  absorption  (negative  in  the  case 
of  gain)  in  an  active  deviee,  aw  is  the  waveguide  ab¬ 
sorption  and  aa  is  the  absorption  (negative  in  the  case 
of  gain)  in  the  active  material. 

In  order  to  compare  InP-based  PEWGs  and  waveg¬ 
uides  based  on  surface  plasmons  (SPWGs)  at  a 
gold/semiconductor  interface  the  aehieved  overlap, 
r,  has  been  plotted  versus  the  sustained  waveguide 
absorption,  aw,  in  Fig.  4.  Note  that  in  the  PEWGs  the 
core  thickness  and  the  doping  density  in  the  cladding 
are  adjusted  according  to  the  wavelength,  so  that  the 
absorption  dependence  on  the  wavelength  reflects 
the  lack  of  change  in  free  earrier  absorption  in  the 
cladding  material.  The  small  decrease  in  waveguide 
absorption  with  reduced  wavelength  is  mainly  due 
to  the  assumed  finite  width,  0.1  pm,  of  the  inter¬ 
face  regions  between  the  core  and  the  heavily  doped 
cladding.  In  the  PEWGs  the  refractive  index  of  the 
core  was  assumed  to  be  constant  at  n  =  335.  In  the 
“ordinary”  SPWG:s  (±)  w  =  3.35  in  all  semiconduc¬ 
tor  layers.  “Enhanced”  SPWGs  ( x ),  i.e.  with  an  index 
step  that  strongly  inereases  confinement  and  wave- 
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Fig.  4.  The  obtained  overlap  of  the  optical  mode  with  an  ac¬ 
tive  layer  of  1  pm  thickness  versus  the  waveguide  absorption 
aw  (solid).  Results  are  given  for  PEWGis  with  core  thicknesses 
0.30;.  (□),  0.35/  (0 ),  OAOX  (A),  for  a  SPWG  (-h),  and  for  an 
“enhanced”  SPWG  (x).  In  the  PEWGs  the  doping  level  in  the 
cladding  layers  is  adjusted  according  to  wavelength  to  yield  the 
refractive  index  n  =  1.  Indicated  is  also  the  achievable  overlap 
per  micron  thickness  of  an  active  layer  that  is  much  thinner  than 
1  pm  (dashed). 

guide  absorption,  are  also  considered  with  an  index  of 
«  =  3.35  in  the  active  and  buffer  layers,  total  thickness 
LI  |im,  on  top  of  an  InP  substrate,  w  =  3.05.  Compar¬ 
ing  the  performance  of  the  PEWGs  and  the  SPWGs 
at  the  integer  wavelengths  A  =  6, 7, . . . ,  12  pm  indi¬ 
cated  by  the  symbols,  it  is  concluded  that  the  PEWG 
gives  a  better  overlap  versus  waveguide  absorption 
for  wavelengths  A  <  10  pm.  It  can  also  be  noted 
that  the  waveguide  absorption  increases  much  more 
strongly  than  the  overlap,  when  the  core  thickness 
of  the  PEWG  is  reduced.  The  results  for  GaAs  are 
very  similar,  but  as  can  be  concluded  from  Fig.  3  the 
small  Le  ~  separation  precludes  efficient  use  of 
the  plasma  effect  below  A  9  pm. 

In  summary  the  feasibility  of  tightly  confining 
plasma  effect  waveguides  has  been  investigated  nu¬ 
merically.  In  particular,  it  was  found  that,  with  a 
wavelength  dependent  doping  density  that  yields  a 
given  low  refractive  index  {n  ^  1 ),  the  obtained  free 
carrier  absorption  is  to  a  large  degree  independent 
of  the  wavelength.  This  is  in  stark  contrast  to  sur¬ 
face  plasmons  whose  absorption  is  known  to  increase 
strongly  with  decreased  wavelength. 


In  InP-based  PEWGs  a  better  confinement  versus 
waveguide  absorption  than  in  waveguides  based  on 
surface  plasmons  was  deduced  for  wavelengths  A 
6-10  pm.  In  GaAs  efficient  use  of  the  plasma  effect  is 
limited  to  A  >  9  pm.  We  note  that  scattering  events 
to  the  Z-valley  were  not  included  in  this  study,  and 
should  be  considered  in  order  to  further  elucidate  the 
lower  wavelength  limit. 

Note  added  in  proof 

The  scattering  rate  1  /t  derived  in  Ref  [7]  includes 
implicitly  the  energy  dependence  of  the  electron  mass, 
i.e.  in  Eq.  (1)  the  effective  plasma  frequency  in  Eq. 
(2)  should  be  used  only  to  obtain  the  real  part  of  e, 
while  the  parabolic  plasma  frequency  (given  in  the 
text)  should  be  used  in  the  imaginary  part  of  s.  The 
figures  and  drawn  conclusions  have  been  revised  to 
consider  this. 
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Abstract 

Far  infrared  emission  from  quantum  cascade  structures  is  presented.  Surface  emission  from  a  grating  coupler  show  that  the 
intersubband  luminescence  of  our  vertical  transition  structure  is  limited  at  low  temperature  by  electron-electron  scattering.  As 
the  temperature  is  increased,  the  limitation  comes  from  the  emission  of  optical  phonons.  In  order  to  check  for  material  gain, 
waveguide  loss  and  differential  gain  measurements  have  been  performed  using  a  single-pass-type  measurement.  We  report 
waveguide  losses  of  1 10  cm and  differential  gain  of  23  cm“’.  Our  results  strongly  suggest  the  possibility  of  far-infrared 
lasers  using  the  quantum  cascade  technology  coupled  to  double  plasmon  waveguides.  ©  2000  Elsevier  Science  B.V.  All 
rights  reserved. 
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The  recent  demonstration  of  far-infrared  intersub¬ 
band  emission  from  quantum  cascade  diodes  opens 
the  door  to  novel  type  of  lasers  in  a  region  where  the 
lack  of  efficient  light  sources  is  important  [1].  Ac¬ 
tually  only  few  and  quite  inconvenient  sources  are 
available,  as  frec-electron  lasers,  gas  lasers,  and  p-Ge 
lasers.  Besides  these  lasers  do  not  have  the  intrinsic 
advantages  exhibited  by  the  quantum  cascade  technol¬ 
ogy,  i.e  band-structure  engineering.  At  the  FIR  wave¬ 
lengths,  because  the  photon  energy  is  lower  than  the 
optical  phonon  energy  (J^colo  =  36  meV  in  GaAs), 
optical  phonon  emission  is  not  always  the  dominant 
intersubband  non-radiativc  channel.  Indeed,  a  large 
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spread  in  the  values  reported  in  the  literature  for  the 
intersubband  non-radiative  lifetime  (between  0.5  ps 
[2]  to  1  ns  [3])  reflects  the  complex  interplay  be¬ 
tween  various  non-radiative  channels.  We  show  that 
this  non-radiative  lifetime  can  be  determined  by  a 
combination  of  electron-electron  scattering  and  op¬ 
tical  phonon  emission  from  electrons  which  have  an 
excess  kinetic  energy  larger  than  the  optical-phonon 
energy. 

We  have  grown  two  structures  by  molecular  beam 
epitaxy  on  an  n-doped  GaAs  and  InP  substrate  that 
consist  of  35  periods.  One  period  of  our  structure 
consists  of  four  GaAs,  respectively,  InGaAs  quantum 
wells  separated  by  thin  AlGaAs  (AlInGaAs)  tunnel 
barriers.  As  in  mid-infrared  quantum  cascade  struc¬ 
tures,  each  period  consists  of  an  undoped  active  re¬ 
gion,  in  which  the  spontaneous  emission  occurs,  and 
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a  graded-gap  injector.  The  active  region  consists  of  a 
28  nm  GaAs  (respectively,  38  nm  InGaAs)  quantum 
well  coupled  through  a  2.5  nm  AlGaAs  (resp.,  1.4  nm 
AlInAs)  barrier  to  an  18  nm  GaAs  (25.5  nm  InGaAs) 
well.  The  emission  occurs  in  the  28  nm  (resp.,  38 
nm)  well  through  a  vertical  transition.  For  the  experi¬ 
ments,  the  samples  were  processed  into  450  x  450  pm 
mesas  and  Ti/Au  contacts  were  provided  to  the  n+ 
contact  layers  on  the  periphery  of  the  mesa.  In  or¬ 
der  to  couple  the  light  out  from  the  structure,  we  also 
evaporated  a  Ti/Au  metal  grating  with  a  15  pm  pe¬ 
riodicity.  Samples  were  mounted  on  the  cold  finger 
of  a  He  flow  cryostat,  and  the  temperature  was  con¬ 
trolled  with  a  LakeShore  330  temperature  controller. 
The  injected  current  was  provided  by  a  HP-3 3 120 A 
function  generator  programmed  to  deliver  bursts  of 
1.93  ps  long  pulses  with  a  duty-cycle  of  80%.  The 
repetition  rate  was  matched  with  the  maximum  time 
constant  of  our  detector  for  maximum  response,  at  4 1 3 
Hz.  The  overall  duty-cycle  was  40%.  The  lumines¬ 
cence  signal  was  collected  by  wide  numerical  aperture 
gold-coated  parabolic  off-axis  mirror  and  sent  through 
a  FTIR.  The  resulting  signal  was  then  detected  with  a 
liquid-helium-cooled  Si  bolometer. 

Temperature-dependent  spectra  of  the  lumines¬ 
cence  have  been  done  using  the  FTIR  in  a  step-scan 
mode,  the  signal  being  detected  with  a  lock-in  am¬ 
plifier.  The  temperature  was  varied  from  10  K  up  to 
temperatures  above  liquid  nitrogen  for  both  samples. 
The  injection  current  was  chosen  to  be  as  high  as 
possible  to  have  the  maximum  output  power.  The 
maximum  current  injection  is  limited  by  the  struc¬ 
ture’s  maximum  working  bias  before  the  appearance 
of  the  negative  differential  resistance  (NDR),  which 
was  shown  to  arise  at  1.2  V  for  GaAs  sample  and 
0.8  V  for  the  InGaAs  sample.  The  maximum-injected 
currents  were,  respectively,  68  A  (39  A/cm^)  and  50 
mA  (28  A/cm^)  at  10  K.  Representative  spectra  at 
constant  injection  current  and  varying  temperatures 
for  both  samples  are  given  in  Fig.  1.  At  low  tem¬ 
perature,  the  electron-electron  scattering  is  a  limit¬ 
ing  factor  for  the  luminescence.  As  the  temperature 
is  increased,  electrons  acquire  sufficient  excess  kin¬ 
etic  energy  to  make  optical-phonon  emission  pos¬ 
sible.  The  total  non-radiative  rate  Wnr  can  then  be 
expressed  as 

Wnr  =  Wcc  +  Wop  exp((/7W|o  -  A£2I  )/kT) 


Fig.  1.  Representative  spectra  for  the  (Al)GaAs  (a)  and  the  In- 
GaAs/TnAlAs  (b)  samples  at  constant  injection  current  densities 
of,  respectively,  39  and  28  A/cm^  for  increasing  temperatures. 

and  is  clearly  temperature  dependent.  At  high  tem¬ 
peratures,  the  non-radiative  depopulation  channel 
of  the  upper  subband  is  essentially  provided  by  the 
emission  of  optical  phonons  through  hot  electrons. 
Activation  graphs  of  the  integrated  peak  intensity 
efficiency,  taken  from  the  spectral  data  and  from 
luminescence  data,  are  given  in  Fig.  2.  The  data 
obtained  from  the  integrated  peak  intensity  can 
be  well  fitted  using  the  total  non-radiative  rate 
Wnr  formula  given  before  (see  plain  line)  with  an 
electron-electron  scattering  rate  of  Wee  =  0,09  and 
0.07  ps“^  and  using  the  calculated  optical-phonon 
scattering  rate  Wjsb  =  T86  ps“'  for  the  GaAs  and 
Wish  =  1.31  ps~’  for  the  InGaAs  [4].  The  energies 
of  the  hco\o  optical  phonons  used  for  the  fit  are, 
respectively,  36  and  33  meV  for  GaAs  and  In¬ 
GaAs.  At  low  temperatures  (T  <  30  K),  the  main 
non-radiative  channel  is  clearly  dominated  by  the 
electron-electron  scattering  with  fitted  lifetimes  of, 
respectively,  11  and  14  ps.  As  the  lattice  temper¬ 
ature  is  raised  above  T  =  30  K,  the  luminescence 
decreases  exponentially  and  converges  at  high  tem¬ 
peratures  to  the  optical-phonon  lifetime.  The  inte¬ 
grated  luminescence  data,  i.e  the  integrated  power 
from  the  whole  detectable  spectrum,  has  been  plotted 
for  comparison.  We  observe  that  the  integrated  data 
does  not  follow  the  spectral  data,  indicating  that  it  is 
perturbed  by  blackbody  radiation. 

The  possibility  to  build  a  QC  FIR  laser  based  on 
this  type  of  structure  strongly  relies  on  the  ability  of 
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Fig.  2.  Activation  graphs  of  the  integrated  peak  intensity  efficiency 
for  (a)  (Al)GaAs  and  (b)  InGaAs/InAlAs  samples  are  shown 
(triangles).  Corresponding  total  luminescence  power  are  also  show 
for  comparison  (crosses).  The  spectral  data  is  fitted  using  the 
H’ni  relation  (plain  lines)  and  show,  respectively,  lifetimes  of  14 
and  11  ps  at  low  temperature  {T  ~  10  K)  for  the  (Al)GaAs  and 
(Al)InGaAs  samples.  Dotted  lines  show  optieal-phonon  activation, 

having  gain.  The  second  condition  is  the  need  of  an 
efficient  resonator  in  order  to  obtain  laser  action.  In 
the  far  infrared,  i.e.  beyond  the  reststrahlen  region 
30  fim  for  GaAs),  serveral  problems  arise  when 
one  wants  to  build  waveguides.  At  these  wavelengths, 
frec-carrier-induced  absorption  gets  very  important 
(a  Drude  model)  compared  to  the  mid-infrared 
absorption.  This  can  be  overcome  by  having  high  gain 
active  regions  and  high  Q  cavities.  In  the  far  infrared, 
waveguides  based  on  pure  dielectric  confinement 
would  require  the  cladding  thickness  to  be  of  the  order 
of  20  pm  on  both  sides  of  the  active  region.  Knowing 
that  the  MBE  growth  rate  is  of  the  order  of  1  pm/h, 
this  method  is  not  really  efficient.  We  have  chosen  to 
confine  the  optical  mode  by  providing  highly  doped 
GaAs  grown  on  both  sides  of  the  active  region,  al¬ 
lowing  us  to  have  mctal-like  semiconductor  interfaces 
leading  to  a  double-surface  plasmon-typc  waveguides. 
Waveguide  losses  of  51  cm“'  have  been  computed. 
For  the  experiment,  the  active  region  of  our  structure 


Fig.  3.  FWHM  of  the  luminescence  peaks  are  plotted  versus 
injected  current  density  for  different  sample  length. 


is  a  120  period  MBE-grown  replica  of  the  (Al)GaAs 
structure  described  earlier.  The  samples  were  pro¬ 
cessed  in  500  pm  large  stripes,  chemically  wet  etched 
to  the  substrate  with  a  1  H2SO4  : 8  H2O2 : 1  H2O  so¬ 
lution  and  then  cleaved  at  different  lengths  ranging 
from  100  pm  to  1.5  mm.  We  have  measured  the  lu¬ 
minescence  spectra  for  different  waveguide  length 
and  different  current  densities.  Fig.  3  shows  the 
FWHM  of  the  luminescence  peaks  plotted  versus  the 
injected  current  density  for  different  sample  length.  A 
clear  decrease  of  the  peak  FWHM  is  observed  with 
increasing  injected  current  density.  The  fact  that  the 
slope  of  this  decrease  is  larger  for  longer  devices  is  a 
good  indication  that  the  losses  are  due  to  the  transi¬ 
tion  changes,  suggesting  differential  gain.  However, 
it  is  also  clear  that  at  fixed  injected  current  density, 
the  FWHM  of  the  luminescence  peak  increases  with 
increasing  waveguide  length,  in  contrary  to  what  is 
expected  from  a  transition  with  inverted  population. 
We  therefore  believe  that  in  all  the  current  range 
in  which  our  measurements  have  been  carried  out, 
the  upper  state  population  increases  faster  than  the 
lower  one,  but  population  inversion  has  not  yet  been 
reached.  The  crossing  of  all  curves  aXJ  ^100  A/cm^ 
indicates  that  transparency  of  the  transition  occurs 
and  both  states  are  equally  populated.  Increasing  the 
injected  current  density  would  lead  to  population 
inversion  and  possible  lasing  action. 

Measurements  of  waveguide  properties  can  be  done 
using  a  single-pass-type  measurement  [5].  The  light 
intensity  coming  out  of  the  waveguide  is  related  to 
a  waveguide  net  absorption  g  -  a  with  the  following 
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Fig.  4.  Light  intensity  is  plotted  versus  sample  length  for  dif¬ 
ferent  injection  current  densities.  Fitting  the  data  gives  a  waveg¬ 
uide  loss  of  63  cm“'  at  the  maximum  injected  current  density  of 
100  A/cm“^,  A  net  differential  gain  of  23  cm“'*  has  been  mea¬ 
sured.  Extrapolation  of  the  obtained  results  (inset)  leads  to  a  net 
waveguide  loss  of  110  cm“'.  Lasing  threshold  is  projected  to 
arise  at  a  current  density  of  235  A/cm“-. 

relation 

Im  =  k  f  dx  =  /o— !— -  1 ), 

Jo  (g  -  «) 

where  /  being  the  length  of  the  waveguide,  g  the  gain, 
and  a  the  total  absorbtion.  Performing  measurement 
for  different  cavity  lengths  and  at  various  injection  cur¬ 
rent  densities,  allows  to  extract  both  g  and  a  separately. 
Fig.  4  shows  the  light  intensity  plotted  versus  sample 
length  for  different  injection  current  densities.  The  ex¬ 
perimental  data  has  been  fitted  using  the  previous  re¬ 
lation.  We  obtain  a  waveguide  loss  of  63  cm”*  at  the 
maximum  injected  current  density  of  100  A/cm”^. 

Extrapolating  the  obtained  results  for  different  cur¬ 
rent  densities  (see  inset  of  Fig.  4)  leads  to  a  net 


waveguide  loss  of  110  cm”'  and  a  differential  gain 
of  23  cm”'.  Transparency  is  expected  to  appear  at  a 
current  density  of  235  A/cm“^,  which  is  far  beyond 
the  NDR  region  of  our  sample. 

In  conclusion,  we  have  shown  that  the  lumines¬ 
cence  in  a  vertical  quantum  cascade  light-emitting 
diode  is  limited  at  low  temperatures  by  the  electron- 
electron  scattering.  As  the  temperature  is  raised,  the 
main  non-radiative  channel  is  dominated  by  the  emis¬ 
sion  of  optical  phonons.  We  have  also  shown  that  the 
structure  confined  into  a  double-plasmon  waveguide 
is  able  to  provide  optical  gain.  Even  though  no  lasing 
has  been  observed,  this  result  is  very  encouraging  in 
the  future  realization  of  a  far-infrared  quantum  cas¬ 
cade  laser. 
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Abstract 

An  ensemble  Monte  Carlo  simulation  method  has  been  used  to  model  the  carrier  dynamics  of  optically  pumped  intersubband 
lasers.  GaAs/AlGaAs  asymmetric  (single  step)  and  triple  quantum  well  structures  are  studied:  both  are  4-subband  systems 
designed  for  intersubband  pumping  by  a  10.6  pm  CO:  laser,  and  for  far-infrared  emission  at  11.7  THz  (25.6  pm).  The 
simulations  predict  population  inversion  at  77  K  for  the  asymmetric  quantum  well,  but  not  at  300  K,  whence  intersubband 
electron-electron  interactions  cause  significant  re-distribution  of  electron  kinetic  energies  in  the  4th  subband.  However, 
simulations  of  the  triple  quantum  well  structure  show  strong  inversion  at  77  K,  and  marginal  inversion  at  300  K.  The 
improved  performance  of  the  triple  quantum  stmeture  in  this  case  is  attributed  to  stronger  3rd-2nd  subband  scattering  (which 
depopulates  the  lower  of  the  two  laser  levels)  due  to  an  anticrossing  of  eigenstates,  and  to  reduced  energy  re-distribution 
effects.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Intersubband  laser  operation  has  been  reported  by 
various  groups  at  a  wide  range  of  wavelengths  in  the 
mid-infrared  band  [1].  There  is  now  a  strong  inter¬ 
est  in  applying  the  intersubband  laser  concept  to  ob¬ 
tain  emission  at  far-infrared  (FIR)  wavelengths,  for 
potential  applications  in  terahertz  electronic  systems 
and  terahertz  imaging,  and  intersubband  electrolumi¬ 
nescence  at  88  pm  (3.4  THz)  has  recently  been  re¬ 
ported  [2].  Whilst  the  majority  of  attention  has  been 
focused  on  electrically  excited  quantum  cascade  de¬ 
vices,  intersubband  lasers  can  also  be  designed  using 
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Optical  pumping  schemes  [3].  These  devices  have  the 
advantage  of  a  much  simpler  layer  design,  with  no  in¬ 
teraction  required  between  adjacent  active  regions  in 
a  multi-period  stack. 

The  design  of  successful  FIR  intersubband  lasers 
is  critically  dependent  on  optimisation  of  both  radia¬ 
tive  and  non-radiative  electronic  transitions.  This  re¬ 
quires  detailed  modelling  work  to  calculate  transition 
rates,  subband  populations,  energy  distributions  and 
lifetimes.  In  this  paper,  we  demonstrate  the  use  of  a 
Monte  Carlo  algorithm  to  simulate  the  intersubband 
earner  dynamics  in  optically  pumped  GaAs/AlGaAs 
asymmetric  quantum  well  (AQW)  and  triple  quantum 
well  (TQW)  FIR  laser  designs  (see  Figs.  1  and  2,  re¬ 
spectively).  The  devices  are  designed  for  intersubband 
optical  pumping  using  a  10.6  pm  CO2  laser. 
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Fig.  1.  Potential  profile,  subband-edge  energies  and  wave  functions 
of  the  11.7  THz  asymmetric  quantum  well  FIR  laser  stmcture. 
The  percentage  figures  show  the  aluminium  content  in  the  AlGaAs 
alloy  layers,  and  the  layer  widths  are  indicated  in  angstroms  below 
the  profile.  The  vertical  arrows  indicate  the  key  intersubband 
transitions  for  laser  operation. 


Fig.  2.  Potential  profile,  subband-edge  energies  and  wave  fianctions 
of  the  11.7  THz  triple  quantum  well  FIR  laser  structure.  Details 
as  for  Fig,  1. 

Terahertz  emission  is  sought  from  transitions  be¬ 
tween  subbands  4  and  3.  In  an  attempt  to  optimise 
population  inversion  between  these  subbands,  the  en¬ 
ergy  separation  between  subbands  3  and  2  is  set  equal 
to  the  LO  phonon  energy,  so  that  the  3  2  intersub¬ 

band  scattering  rate,  which  depopulates  subband  3,  is 
maximised.  Thus,  the  three  principal  design  criteria  are 
that  the  relationships  between  the  zone-centre  subband 
energies  ^/,  /  =  1,4,  are:  .£4  -  =  1 17  meV,  £3  - 

El  =  36  meV  and  12  meV  <  £”4  -  £'3  <  50  meV  (for 
FIR  emission  in  the  range  3-12  THz). 

The  Monte  Carlo  simulation  includes  the  energy- 
dependent  electron-phonon  and  electron-electron 
scattering  rates  for  all  intra-  and  inter-subband  pro¬ 
cesses,  as  calculated  using  Fermi’s  Golden  Rule. 


Bulk-like  phonon  modes  are  assumed,  as  recent  calcu¬ 
lations  for  AQW  structures  showed  that  the  subband 
population  ratios  are  obtained  using  confined  and  bulk 
phonon  modes  are  very  similar  [4,5].  Pauli  exclusion 
effects  are  self-consistently  included  in  the  simulation 
by  frequent  sampling  of  the  electron  distribution.  The 
optical  pumping  process  is  included  via  calculation 
of  the  exact  intersubband  absorption  matrix  element, 
with  a  Gaussian  line  shape  assumed  for  the  incident 
beam  [6].  This  enables  us  to  account  for  de-tuning  of 
the  pump  transition  at  different  kinetic  energies  due  to 
differences  in  the  effective  masses  of  the  1st  and  4th 
subbands.  For  the  results  presented  here,  a  pump  laser 
line  width  of  2  meV  was  assumed.  Additional  sim¬ 
ulations  have  shown  that  the  distribution  of  carriers 
between  subbands  is,  in  fact,  only  weakly  dependent 
on  the  pump  line  width.  Each  simulation  is  run  until 
convergence  to  a  steady  state  is  obtained.  The  full 
ensemble  state  is  then  replicated,  and  used  as  a  seed 
for  a  series  of  physically  equivalent  simulations,  to 
facilitate  estimation  of  the  statistical  eiTors. 


2.  Results  and  discussion 

The  AQW  and  TQW  structures  are  both  designed 
for  emission  at  1 1.7  THz.  Fig.  3  shows  simulated  pop¬ 
ulation  ratios  for  both  structures  at  77  and  300  K. 


Fig.  3.  Population  ratios  for  the  asymmetric  (AQW)  and  triple 
(TQW)  quantum  well  structures  at  77  and  300  K,  as  a  function 
of  optical  pump  intensity.  The  intensity  scale  is  expressed  as  a 
multiple  of  the  lst-4th  subband  optical  absorption  rate. 
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For  the  AQW  structure,  moderate  population  inver¬ 
sion  is  predicted  at  77  K,  and  the  population  ratio 
is  relatively  insensitive  to  the  optical  pump  intensity. 
However,  at  300  K,  population  inveision  is  not  pre¬ 
dicted  for  the  AQW.  Our  previous  calculations  of  in¬ 
tersubband  transition  rates,  based  on  the  assumption 
of  equilibrium  Fermi-Dirac  distribution  functions  in 
each  subband,  showed  that  4  3  scattering  processes 

_ which  destroy  inversion,  have  a  weaker  tempera¬ 
ture  dependence  than  the  3  — 2  and  3-^1  processes 
—  which  help  to  maintain  inversion.  (These  tempera¬ 
ture  dependences  were  due  primarily  to  the  tempera¬ 
ture  dependence  of  the  electron  distribution  functions, 
rather  than  the  phonon  populations.)  Our  Monte  Carlo 
simulations  show  that,  at  77  K,  the  extent  to  which 
the  subband  3  and  4  distribution  functions  are  heated 
is  very  similar,  such  that  the  balance  of  4  3  and 

3  — 2,  3  — >  1  scattering  is  similar  to  that  for  the  case 
of  Fermi-Dirac  distributions. 

However,  at  a  lattice  temperature  of  300  K,  the  aver¬ 
age  electron  energy  in  the  4th  subband  is  equivalent  to 
a  temperature  of  approximately  500  K  —  much  higher 
than  that  for  the  3rd  subband.  This  localised  heating 
of  the  4th  subband  population  preferentially  raises  the 

4  3  scattering  rates,  hence  destroying  population 
inversion.  The  apparent  cause  of  this  heating  elfect  is 
the  strong  interaction  between  the  4th  and  1st  subband 
populations  at  room  temperature.  At  300  K,  the  tail 
of  the  1st  subband  distribution  function  overlaps  the 
energy  range  of  the  4th  subband,  resulting  in  stiong 
electron-electron  interactions,  including  both  intersub¬ 
band  electron  scattering  (44  ^  11)  and  the  41  ^  41 
process,  which  changes  the  average  kinetic  energy, 
but  not  the  population,  of  each  subband.  These  inter¬ 
actions  lead  to  a  substantial  broadening  of  the  electron 
energy  distribution  in  the  4th  subband.  The  speed  of 
the  energy  redistribution  processes,  combined  with  the 
fact  that  the  4th  subband  is  continually  replenished  by 
the  optical  pumping,  means  that  the  broadened  energy 
distribution  is  observed  in  the  steady  state  —  whilso- 
ever  pumping  is  maintained. 

Previous  calculations  for  the  AQW  structures  based 
on  a  rate  equation  approximation  [7],  using  Fenni- 
Dirac  distributions  and  neglecting  carrier  heating,  pre¬ 
dicted  population  ratios  of  1.4— 1.6  at  both  77  and 
300  K.  This  new  data  thus  highlights  the  role  of  elec¬ 
tron  heating  in  determining  carrier  dynamics  at  high 
lattice  temperatures. 


Conversely,  simulation  results  for  the  TQW  struc¬ 
ture  predict  population  inversion  at  both  77  and  300 
K.  The  strong  inversion  at  77  K,  compared  to  that  for 
the  AQW  structure,  may  be  ascribed  to  the  fact  that 
the  2nd  and  3rd  subband  wave  functions  are  approxi¬ 
mately  an  symmetric/antisymmetric  pair,  thus  increas¬ 
ing  the  matrix  elements  for  3  — >  2  scattering.  At  77  K, 
inversion  is  clearly  observed  in  the  simulations  whilst, 
at  300  K,  inversion  only  occurs  for  high  pump  inten¬ 
sities.  Although  the  AQW  and  TQW  structures  utilise 
the  same  basic  design  criteria,  the  simulations  show  an 
important  difference  in  carrier  dynamics:  in  the  TQW 
structure,  the  4th  subband  distribution  does  not  suf¬ 
fer  from  excessive  heating,  even  at  room  temperature. 
This  is  because  the  overlap  of  the  wave  functions  of 
4th  and  1st  subband  electrons  is  reduced,  relative  to 
the  AQW  case,  leading  to  weaker  interactions  between 
the  two  subbands.  Given  this  fact,  it  also  follows  that 
higher  pump  intensities  are  required  to  generate  suf¬ 
ficient  carrier  densities  in  the  4th  subband  for  the  at¬ 
tainment  of  inversion. 


3.  Conclusion 

Our  Monte  Carlo  simulations  have  shown  the 
importance  of  including  realistic  non-equilibrium 
electron  distributions  in  calculations  of  population 
inversion  in  optically  pumped  intersubband  lasers. 
Strong  population  inversion  at  77  K,  and  marginal 
population  inversion  at  300  K,  is  predicted  for  CO2 
pumped  triple  quantum  well  lasers  designed  for  emis¬ 
sion  at  11.7  THz. 
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Abstract 

The  dependence  of  waveguide  design  parameters  on  the  performance  of  a  GaAs/AlGaAs  quantum  cascade  laser  emitting 
at  77  pm  is  theoretically  evaluated.  We  propose  a  new  waveguiding  scheme  for  modal  confinement  at  such  long  wavelengths. 
An  artificially  tailored  index  layer  and  a  plasmon  enhanced  layer  act  as  the  cladding  at  the  top  and  bottom  of  the  active 
region,  respectively.  The  cladding  layers  have  been  made  aluminum  free  to  avoid  the  presence  of  DX  centers.  The  waveguide 
design  is  optimized  to  enhance  modal  confinement  and  reduce  waveguide  losses.  Finally,  we  present  an  optimized  design  of 
the  quantum  cascade  laser  in  its  entirety  along  with  expected  performance  characteristics.  ©  2000  Published  by  Elsevier 
Science  B.V.  All  rights  rcseiwcd. 

Keywords:  Quantum  cascade  lasers;  Terahertz  sources;  Plasmons;  Waveguide 


1.  Introduction 

Even  though  Kazarinov  and  Suris  proposed  us¬ 
ing  the  intersubband  transitions  as  possible  terahertz 
(THz)  sourees  [1],  the  first  real  experimental  demon¬ 
stration  of  an  intersubband  laser  was  the  mid- infrared 
quantum  cascade  laser  (QCL)  [2].  More  recently, 
far-infrared  (FIR)  emission  (60  and  88  pm)  has  been 
observed  in  quantum  cascade  structures  [3,4].  One  of 
the  earlier  proposals  for  modal  confinement  in  THz 
range  was  to  use  a  heavily  doped  plasma  reflector 

*  Corresponding  author.  Tel.;  -f  1-978-458-4972;  fax:  4-1-978- 
934-4994. 

E-mail  address:  vinod_mcnon@studcnt.uml.edu  (V.M.  Menon) 


[5].  The  presence  of  such  layers  close  to  the  active 
region  may  result  in  free  carriers  migrating  into  the 
active  region,  which  degrades  the  device  performance 
(adding  to  the  loss).  In  this  paper  we  explore  the  pos¬ 
sibility  of  using  an  artificially  tailored  upper  cladding 
layer  with  a  predetermined  effective  index.  The  lower 
cladding  layer  (the  substrate)  will  be  a  plasma  reflec¬ 
tor,  which  has  now  been  distanced  from  the  active 
region  by  the  intermediate  layers.  The  paper  is  orga¬ 
nized  into  sections  on  waveguide  design  along  with 
parameter  optimization,  a  possible  fabrication  scheme 
for  the  waveguide  design,  the  multiple  quantum  well 
(MQW)  design  for  the  active  region,  and  the  expected 
device  performance  characteristics. 


1386-9477/00/$ -sec  front  matter  ©  2000  Published  by  Elsevier  Science  B.V.  All  rights  reserved. 
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2.  Waveguide  design 

The  transfer  matrix  method  (TMM)  was  employed 
to  determine  the  propagation  constants,  mode  profile 
and  confinement  factors.  In  the  analysis  presented,  the 
refractive  indices  of  all  the  layers  are  taken  to  be  com¬ 
plex  since  the  imaginary  part  becomes  important  at 
high  doping  concentrations.  The  roots  in  the  complex 
plane  which  give  the  propagation  constants  were  de¬ 
termined  using  a  regnJa-falsa  method. 

Two  different  epitaxial  structures  as  shown  in 
Fig.  la  and  b  were  studied.  For  each  structure,  we 
analyzed  the  device  characteristics  with  and  without 
the  artificially  tailored  index  layer.  The  thickness 
and  refractive  index  of  these  layers  were  optimized 
so  as  to  obtain  minimum  loss  and  maximum  modal 
confinement. 


Ni-Gc-Au  Contact 

1 

GaAs  or  N  =  1 .50  +  i0,590 

Artificially  tailored  (1.1  x  I0‘^  cm’^) 

index  layer  N  =  1 .25  +  iO.295 

1* 

GaAs  (3.0x  !0''’cm-")  N  =  3.23  +  i0.077 

3 

GaAs  (7.0  X 10  "’em’)  N  =  2.51  +i0.226 

4 

GaAs  (4.4x  lO'^cm'^)  N=  3.00  +  iO.  120 

5 

GaAs  (Low  doped)  N  =  3.68  +  i0.004 

6 

Cascade  Region  N  =  3.64  +  iO.0 13 

7 

GaAs  (Low  doped)  N  =  3.68  +  i0.004 

8 

GaAs  (4.4  x  10’"ciiO  N  =  3.00  +  i0.120 

9 

GaAs  (7.0  X  10'^’ cm'")  N  =  2.5 1  +  iO.226 

10 

Heavily  doped  GaAs  substrate  (9  x  lO'^  cin"^) 

PLASMA  REFLECTOR 

*  This  layer  is  not  there  in  structure  1. 

Fig.  1.  Refractive  index  profiles  for  the  two  designs  evaluated  in 
the  text.  Layers  6  and  5  are  the  active  regions  in  structures  1  and 
2,  respectively.  Details  of  each  layer  are  shown  in  Fig.  Ic. 


Structure  1 


Structure  2 


Fig.  2.  Mode  intensity  profile  of  the  waveguide  for  optimal  designs. 


Low  doped  GaAs  layers  are  placed  on  either 
side  of  the  active  region  so  as  to  increase  the  net 
refractive  index  (real  part)  of  the  core.  This  is  sim¬ 
ilar  to  the  approach  used  by  Sirtori  and  coworkers 
for  the  GaAs/AlGaAs  QCL  [6].  In  the  waveguide 
designs  at  mid-infrared,  high  aluminum  concentra¬ 
tion  AlGaAs  layers  were  used  as  cladding  to  en¬ 
hance  the  refractive  index  contrast  with  the  core.  It 
has  been  pointed  out  recently  that  in  spite  of  this 
advantage,  these  high  aluminum  content  AlGaAs 
layers  have  low  conductivity  and  have  DX  centers 
(associated  with  Si  doping)  which  at  low  temper¬ 
atures  tend  to  reduce  the  number  of  free  electrons 
in  the  conduction  band  [7].  Hence,  we  have  tried 
to  design  an  aluminum  free  cladding  layer.  The 
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Tabic  1 

The  thickness  of  each  layer  along  with  the  effective  modal  indices,  waveguide  loss  and  the  confinement  factor 


Layer  thickness  (|.im) 

Layer 

no. 

Structure  1 

Stmeture  2 

With  double 
plasmon 
enhanced  layers 

With  artificially 
tailored  index 
layer 

With  double 
plasmon 
enhanced  layers 

With  artificially 
tailored  index 
layer 

Case  1 

Case  2 

Case  3 

Case  4 

Case  5 

Case  6 

Case  7 

Case  8 

1 

1.0 

2.0 

1.0 

2.0 

1.0 

2.0 

1.0 

2.0 

2 

2.5 

1.5 

2.5 

1.5 

0.5 

0.5 

0.5 

0.5 

3 

0.5 

0.5 

0.5 

0.5 

3.0 

3.0 

3.0 

3.0 

4 

1.5 

1.5 

1.5 

1.5 

3.0 

2.0 

3.0 

2.0 

5 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

6 

2.0 

2.0 

2.0 

2.0 

1.5 

1.5 

1.5 

1.5 

7 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

8 

1.5 

1.5 

1.5 

1.5 

2.0 

2.0 

2.0 

2.0 

9 

2.0 

2.0 

2.0 

2.0 

— 

~ 

___ 

— 

Total 

14.5 

14.5 

14.5 

14.5 

14.5 

14.5 

14.5 

14.5 

11 

1.87 

1.67 

1.85 

1.63 

1.858 

1.62 

1.84 

1.58 

k 

0.172 

0.215 

0.149 

0.164 

0.18 

0.22 

0.157 

0.168 

Loss  coeff.  aw  (cm  ' ) 

280.7 

350.8 

243.1 

267.6 

293.7 

359.0 

256.2 

274.1 

Confinement  factor  f 

0.64 

0.66 

0.65 

0.67 

0.76" 

0.65 

0.77" 

0.66 

•‘The  peak  of  the  mode  docs  not  lie  in  the  active  region. 


index  contrast  has  been  achieved  using  doped  GaAs 
layers. 

In  both  structures,  the  core  (GaAs  +  cascade  layer) 
is  sandwiched  between  GaAs  layers  having  different 
doping  concentrations.  The  refractive  indices  along 
with  the  corresponding  doping  concentrations  are 
given  in  Fig.  Ic.  In  structure  1  (Fig.  la),  the  role  of 
the  high  index  layer  (layer  2)  before  the  top  layer  is  to 
decouple  any  metal  (contact)  semiconductor  interface 
surface  plasmon  mode  from  the  laser  mode  [8]. 

The  artificially  tailored  index  layer  is  fabricated 
on  the  n'*  '  GaAs  (7.0  x  10'^’ cm"'"^).  A  grating-like 
structure  with  periodicity  much  lesser  than  the  lasing 
wavelength  is  first  fabricated  on  the  GaAs  layer.  Index 
tailoring  is  achieved  by  introducing  another  material 
in  between  the  GaAs  pillars.  For  our  study  we  have 
considered  that  the  case  where  the  gaps  between  the 
GaAs  pillars  have  been  left  empty  (air).  The  periodic¬ 
ity  of  these  structures  should  be  less  than  2  pm.  Due 
to  the  long  wavelength,  the  optical  mode  does  not  see 
the  gratings,  but  instead  a  layer  with  an  average  index 
corresponding  to  the  two  materials.  By  having  differ¬ 
ent  materials,  one  can  now  tailor  the  refractive  index 
of  the  layer.  In  our  case  we  have  a  layer  with  an  ef¬ 
fective  index  corresponding  to  the  average  of  the  n^+ 
GaAs  and  air. 


The  lower  n++  GaAs  layer  (7.0  x  lO'^cm"^)  is 
grown  on  a  heavily  doped  (9.0  x  10^^cm~^)  GaAs 
substrate,  which  acts  as  the  plasma  reflector.  The  op¬ 
timized  layer  thickness,  effective  modal  index,  con¬ 
finement  factor  and  waveguide  loss  are  summarized  in 
Table  1.  The  only  difference  between  cases  1  and  2,  3 
and  4,  5  and  6,  and  7  and  8  is  the  layer  thickness.  Fig.  2 
illustrates  the  mode  intensity  profiles  of  the  waveguide 
for  the  two  structures  that  gave  optimal  performance. 
Waveguide  losses  were  evaluated  from  the  imaginary 
part  of  the  effective  modal  index  obtained  using  the 
transfer  matrix  method  (a  =  47t/c/2). 

3.  Fabrication  technique 

All  the  layers  except  the  altered  index  layer  can  be 
fabricated  using  molecular  beam  epitaxy  (MBE).  The 
fabrication  of  the  altered  index  layer  (having  air  gaps) 
consists  of  six  steps.  Step  1 :  deposition  of  photore¬ 
sist  (Fig.  3a).  Step  2:  angle  evaporation  of  aluminum 
(Fig.  3b),  Step  3:  reactive  ion  beam  etching  to  form 
pillars  of  photoresist  (Fig.  3c),  Step  4:  deposition  of  Ni 
Ge  Au  layer  using  electron  beam  deposition,  followed 
by  lift  off  (Fig.  3d),  Step  5:  ion-beam-assisted  etching, 
which  leaves  a  series  of  pillars  of  n*^^  GaAs  with  the 
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Reactive  Ion 
Etching 


(e) 


Ion  Beam 

assisted 

Etching 

Artificially  Tailored 
Index  Layer 


Fig.  3.  Scheme  for  fabricating  the  altered  index  layer.  Steps  (a)-(e)  are  discussed  in  the  text. 


Ni  Ge  Au  alloy  on  top  (Fig.  3e).  Thick  indium-coated 
copper  alloy  is  pressed  on  to  the  Ni  Ge  Au  contact. 
The  end  result  is  a  layer  having  alternating  n++  GaAs 
and  air  sandwiched  between  the  contact  layer  and  rest 
of  the  cladding.  The  periodicity  of  the  pillars  could  be 
broken  slightly  so  as  to  avoid  any  mode  build  up. 

4.  Design  of  active  region 

The  energy  levels  and  wave  functions  were 
computed  using  a  finite  element  k  p  model.  Fig.  4 


illustrates  the  design  of  the  multiple  quantum  well 
structure  along  with  the  subband  levels  and  squared 
magnitude  of  the  wave  functions.  Lasing  occurs  be¬ 
tween  the  upper  two  levels  (levels  3  and  2)  through 
a  vertical  transition.  These  levels  are  separated  by  16 
meV,  corresponding  to  a  wavelength  of  77  pm  (3.8 
THz)  at  a  bias  of  9.96  kV/cm.  Levels  2  and  1  are 
separated  by  the  confined  LO  phonon  frequency  to 
aid  a  fast  non-radiative  transition  between  these  lev¬ 
els.  The  matrix  element  between  level  3  and  level  2 
was  calculated  to  be  3.85  nm,  resulting  in  a  radiative 
lifetime  trad  =  0.8  ps.  The  lifetime  of  level  3  is  given 
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Fig.  4.  Schematic  conduction-band  diagram  of  one  period  of  our  structure  at  the  threshold  bias  along  with  the  squared  magnitude  of  the  wave 
functions.  The  wells  and  banier  widths  starting  with  the  leftmost  barrier  in  nm  are:  5.0/7.2/2/0/6.0/10.0/4.0/7.2/1.8/7.2/1.8/7.8/1.8/7.8/5.0. 


by  1  /t3  =  1  /t32  +  1  /t3  i .  The  non-radiative  lifetime 
between  levels  3  and  2  is  primarily  dominated  by  the 
electron-electron  scattering  which  has  been  estimated 
to  be  ^2.1  ps  [9].  The  3  to  1  transition  is  dominated 
by  the  interface  LO  phonon  scattering  time  ^  1 .5  ps. 
The  net  lifetime  of  level  3  is  13  ~0.9  ps.  The  lifetime 
of  level  2  is  dominated  by  the  confined  LO  phonon 
scattering  to  level  1  which  is  estimated  to  be  on  the 
order  of  0.4  ps.  The  interface  and  confined  LO  phonon 
scattering  rates  were  evaluated  using  a  scheme  similar 
to  that  proposed  by  Kim  and  Strocio  [10].  Since  T3  is 
only  greater  than  12  by  a  factor  of  two,  great  care  has 
to  be  taken  in  material  quality,  growth  and  design  to 
attain  population  inversion  between  these  levels. 

5.  Expected  device  performance 

The  threshold  current  density  for  a  QCL  can  be 
expressed  as  [8] 

_  +  aw)go^R(2y)Lp/i 

471^(132  -  T2)('f3A32)|^32|^^’ 
where  Jxh  is  the  threshold  current  density,  aM  is  the 
mirror  loss  ^5  cm“',  aw  is  the  waveguide  loss, 


Lp  (71.6  nm)  is  the  thickness  of  one  period,  hr  is 
the  real  part  of  the  effective  index  of  the  mode,  e 
is  the  electronic  charge,  eo  is  the  vacuum  permit¬ 
tivity,  2  (77  pm)  is  the  lasing  wavelength,  Z32  is 
the  matrix  element  ~3.85  nm,  and  2y  is  the  line 
width  of  the  spontaneous  emission  spectrum  ^0.7 
meV  at  5  K  [4].  The  threshold  current  density  values 
were  computed  for  the  different  cases  analyzed  and 
are  presented  in  Table  2.  The  radiative  efficiency 
^rad  =  1-12  X  10"^. 

6.  Summary 

Different  waveguiding  schemes  for  a  THz  QCL 
were  theoretically  evaluated  and  optimized  to  mini¬ 
mize  loss  and  maximize  modal  confinement.  Typical 
losses  are  in  the  range  of  250  cm"^  In  Tables  1  and 
2,  if  we  compare  cases  1  and  3,  2  and  4,  5  and  7,  and 
6  and  8,  it  is  seen  that  for  the  same  layer  thickness 
and  doping  concentration,  the  structure  with  the  artifi¬ 
cially  tailored  index  layer  has  lower  loss  and  therefore 
lower  threshold  current  densities.  Expected  threshold 
current  densities  are  in  the  order  of  2.0  kA/cm^.  We 
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Table  2 

The  threshold  current  density  for  the  difference  cases  analyzed 
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Threshold  Case  1  Case  2  Case  3  Case  4  Case  5  Case  6  Case  7  Case  8 

current  - — - 

density  2.25  2.43  1.9  1.79  1.97  2.45  1.68  1.8 

Jth  (kA/cm^) _ _ _ 


have  tried  to  design  an  aluminum  free  cladding  layer 
to  avoid  DX  centers.  The  lifetimes  of  levels  3  and 
2  are  both  in  the  sub-picosecond  range  making  it 
difficult  to  attain  population  inversion  between  these 
levels.  The  possibility  of  achieving  gain  in  these  de¬ 
vices  so  as  to  overcome  all  the  losses  seem  difficult  at 
this  point,  but  with  more  efficient  wave  function  en¬ 
gineering,  one  may  be  able  to  control  these  scattering 
rates  and  thereby  lower  the  losses  in  the  system. 
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Abstract 

Theoretical  estimates  and  the  results  of  vertical  transport  and  optical  investigations  in  GaAs/AlGaAs  structures  show  that 
resonant  tunneling  can  lead  efficiently  to  selective  depopulation  of  the  levels,  resulting  in  a  population  inversion  and  possible 
stimulated  emission  due  to  intersubband  transitions  between  the  lowest  states  in  wide-quantum-well  structures.  ©  2000 
Published  by  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  development  of  physical  principles  of  amplifi¬ 
cation  and  generation  of  electromagnetic  waves  over 
a  broad  infrared  range  remains  one  of  the  urgent  prob¬ 
lems  in  physics.  The  very  prominent  achievements 
in  this  direction  are  obviously  the  investigations  of 
quantum  cascade  and  quantum  fountain  lasers  operat¬ 
ing  in  the  near-  and  mid-infrared  regions.  As  to  the 
far-infrared  range,  a  number  of  schemes  to  realize  in¬ 
tersubband  population  inversion  and  stimulated  emis¬ 
sion  in  quantum-well  structures  were  proposed  [1-3], 
but  the  problem  has  not  yet  been  solved. 

In  this  paper  we  discuss  a  version  of  a  far-infrared 
(50-100  pm)  resonant  tunneling  laser  based  on  the 
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intersubband  transitions  in  wide  quantum-well  struc¬ 
tures  (WQWS)  with  the  energy  spacing  between  the 
two  lowest  states  below  the  longitudinal-optic  (LO) 
phonon  energy.  Population  inversion  in  these  struc¬ 
tures  is  achieved  due  to  the  difference  in  scattering  re¬ 
laxation  processes  between  the  lowest  states  with  or 
without  LO-phonon  emission,  and  via  the  selective  re¬ 
moval  of  carriers  from  the  ground  state  by  the  use  of 
resonant  tunneling  to  the  neighboring  quantum  well 
[4,5]. 

2.  Scattering  relaxation  carrier  life-times  in 
wide-quantum-well  structures 

Several  mechanisms  can  be  proposed  to  produce 
a  population  inversion  in  lower  subbands  by  the  use 
of  selective  resonant  tunneling  in  the  regime  of  cur- 
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rent  injection,  or  in  the  regime  of  optical  pumping  in 
heterostructures  with  different  compositions  of  semi¬ 
conductor  compounds  in  the  neighboring  quantum 
wells  [4,5].  If  the  parameters  of  a  wide  quantum  well 
are  chosen  in  such  a  way  that  £3  —  £2  =  and 
£2  -  £1  <  fiWQ  whereas  the  energy  spacing  between 
the  resonant  £2'  and  ground  8\>  states  in  the  neigh¬ 
boring  well  being  of  order  or  more  than  ho^o  (ficoo 
is  the  optical  phonon  energy),  then  carriers  injected 
into  the  £3  level  due  to  resonant  tunneling  from  a 
previous  quantum  well  will  rapidly  relax  to  both 
lower  £2  and  £1  states.  The  relaxation  between  £2 
and  £]  will  be  considerably  slower.  Population  in¬ 
version  and  laser  transitions  between  £2  and  £1  states 
arise  due  to  resonant  tunneling  of  carriers  from  the 
ground  state  to  a  suitable  state  in  the  next  well. 
In  the  case  of  GaAs/Alo.3Gao.7As  the  situation  cor¬ 
responds  to  quantum  wells  of  width  =  25  nm 
(gj  =  7,  £2  =  29,  £3  =  64,  £4  =  1 13,  £5  =  173  meV),  the 
lasing  transitions  being  located  at  wave  lengths  around 
60  pm.  The  concrete  model  structure  investigated 
here  consists  of  three  wells  of  different  thickness, 
16.5/i/b/25/^/b/16.5  nm,  with  equal  barrier  thickness 
c/b.  A  more  detailed  scheme  of  the  transitions  is 
shown  in  Refs.  [4,5]. 


2.1.  Acoustical  phonon  and  charged  impurity 
scattering  relaxation 


As  it  follows  from  the  theoretical  estimates  con¬ 
firmed  experimentally  the  optic-phonon  relaxation  be¬ 
tween  excited  subbands  results  in  ^  0.5  ps,  while 
the  acoustic-phonon  intersubband  relaxation  between 
the  first  excited  and  the  ground  states  results  in  1^2^ 
300  ps  at  low  temperatures  [5-7].  The  value  T12  de¬ 
creases  in  electric  field  due  to  ionized-impurity  scat¬ 
tering.  The  relaxation  time  estimates  in  our  case  were 
made  in  analytical  form  taking  into  account  the  screen¬ 
ing  effect  by  free  electrons  that,  as  we  show,  plays  a  no¬ 
ticeable  role  in  structures  with  rather  wide  wells.  The 
interaction  between  an  electron  and  an  ionized  impu¬ 
rity  scatterer  centered  at  z  =  z/  is  described  by  a  poten¬ 
tial  (p{p,  z,  z, )  which  is  found  in  quasi-two-dimensional 
approximation  from  Poisson’s  equations 


(p(p,z,Zi) 


e  f  exp(-goVp^ +  (z-z,)^)  j 
Sw  \  yJp^+iz-Zif  I  ’ 


Zi/d^y 

Fig.  1.  Theoretically  estimated  charge-impurity  intersubband  re¬ 
laxation  times  in  GaAs/AlojGao.vAs  stnictures  as  a  function  of 
the  impurity  center  location  Zi/dvj  inside  the  well  with  (full  line) 
or  without  (dotted  line)  screening. 

under  approximation  (<lo  is  the  reciprocal 

screening  length).  Here  =x^  +  x,y,z  are  the 
distances  from  the  ionized  impurity,  z  is  the  com¬ 
ponent  in  growth  direction.  Since  the  scatterers  are 
randomly  distributed  in  the  layer  the  lifetime  is 
inversely  proportional  to  the  areal  concentration  of 
static  defects.  The  relaxation  times  evaluated  using  a 
standard  program  for  the  computation  of  the  probabil¬ 
ities  of  intersubband  transitions  with  the  use  of  Eq.  (1 ) 
for  unscreened  (^o  =  0)  and  screened  ionized  impu¬ 
rities  in  GaAs/AlojGao.vAs  quantum  wells  {d^r  =  25 
nm,  d\)  =  4  nm,  Ns  =  10'^  cm~^,  T  —  4.2  K)  are  pre¬ 
sented  in  Fig.  1.  These  times  depend  on  the  impu¬ 
rity  center  location  Zi/d^y  inside  the  well.  The  results 
show  that  the  relaxation  time  increases  noticeably  due 
to  screening,  decreases  distinctly  with  increasing  the 
well  width  depending  strongly  on  the  impurity  center 
location  due  to  the  envelope  wave  function  peculiari¬ 
ties  in  different  subbands.  The  values  in  uniformly 
doped  wells  averaged  over  the  impurity  positions  are 
about  40  ps  {Ni  =  10'«  cm^^  N,  =  10'®  cm-^).  The 
parameter  q^dy,  5  in  the  above  situations  which  is 
quite  satisfactory. 

2.2.  Selective  doping  as  a  method  for  producing 
long-living  carriers  in  the  second  subband 

As  one  might  expect,  the  ionized  impurity  scatter¬ 
ing  governs  the  lifetimes  of  carriers  on  the  first  excited 
state  in  WQWS  under  the  application  of  an  electric 
field.  This  makes  the  realization  of  laser  systems  with 
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high  carrier  concentration  rather  difficult.  The  possi¬ 
ble  solution  seems  to  be  the  use  of  the  selective  dop¬ 
ing  (in  the  well  center  where  the  square  of  the  wave 
function  in  the  first  excited  goes  to  zero).  As  it  follows 
from  Fig,  1,  selective  doping  =  5  x  10^^'cm“^) 
with  a  profile  width  of  4  nm  gives  in  ordinaiy  pure 
structures  around  60  ps  that  look  rather  promis¬ 
ing.  The  electron-electron  scattering  in  the  situation 
being  considered  (As  ^  10'^  cm“^)  does  not  play  a 
decisive  role,  resulting  in  an  intersubband  relaxation 
time  longer  than  50  ps  [8]. 

3.  Resonant  tunneling  rates  and  space  charge 
mismatching  effects 

In  view  of  the  estimates  we  make,  the  problem  of 
resonant  tunneling  is  extremely  important  and  calls 
for  particular  attention. 


Fig.  2.  Resonant  tunneling  times  detennined  from  photolumines¬ 
cence  (A-[l  1])  and  from  vertical  transport  (SL  with  i/wMv  (B) 
33/4  [14];  (0)  9/7.9  [15];  (□)  25/10  [5],  (A)  35/12  [13];  (0) 
35/10  [12];  (+)  6.8/2.6  [2]  nm  and  in  the  model  stmeture:  (•) 
8/16.5/8/25/8/16.5/8  nm)  as  a  function  of  the  calculated  energy 
splitting  <5£spiii.  The  dotted  line  corresponds  to  model  [11];  the  full 
lines  are  the  results  of  calculations  using  Eq.  (2). 


5. 1.  Resonant  tunneling  rates  and  selectivity  in 
structures  with  broadened  energy  levels 


It  follows  from  experiments  that  the  resonant  tun¬ 
neling  times  usually  estimated  from  the  energy-level 
splitting  =  ^/^Hspiit  are,  as  a  rule,  essentially 

longer  [9-11].  The  main  reason  is  the  necessity 
of  taking  into  account  the  level  widths  which  can 
be  caused,  in  particular,  by  carrier  relaxation  in  a 
neighboring  well,  that  makes  the  tunneling  process 
incoherent  [9,10].  According  to  the  nonstationary 
quantum  perturbation  theory  [10]  resonant  tunneling 
combined  with  the  relaxation  process  in  a  neighboring 
well  yields 


incolicrcnt  ^  opt  ,  ^  ^  \  ^ 

"  V^^spiit/  y' 


(2) 


under  approximation  Sv^pvn<y.  Here  is  the  mis¬ 
match  of  the  resonant  levels  (ei  and  y  is  the 
half-width  of  the  final  tunneling  level  (£2')-  1*^  the 
case  of  optical  phonon  scattering  y  —  ~  1  meV 

(t«p‘  =  0.4  ps).  One  can  see  that  under  exact  reso¬ 
nance  condition  (Ac  =  0)  the  value  ttun  should  be  pro¬ 
portional  to  and  increase  with  increasing  of  the 
level  width  as  y/^Cspiji.  The  physieal  sense  of  the  effect 
may  be  simply  understood  in  terms  of  the  perturba¬ 
tion  theory.  This  means  that  the  tunneling  transitions 


from  one  well  to  another  with  a  broadened  level  hap¬ 
pen  at  different  moments  to  the  states  with  different 
energies  inside  the  level  width.  In  other  words,  only 
a  small  part  of  the  tunneling  transitions  may  be  ear¬ 
ned  out  with  high  rates  under  the  condition  <5csp]it  <^'y, 
which  obviously  delays  the  whole  tunneling  process. 
According  to  this  interpretation  one  may  suggest  that 
the  model  (2)  can  be  effective  also  when  the  level 
widths  are  caused  by  some  other  mechanisms,  besides 
relaxation,  if  they  have  a  statistical  nature.  As  can  be 
seen  from  Fig.  2,  where  the  results  of  vertical  transport 
and  photoluminescence  investigations  of  resonant  tun¬ 
neling  times  in  different  structures  are  presented  and 
compared  with  theoretical  curves  (2),  the  results  are 
roughly  consistent  with  Eq.  (2)  and  can  be  used  for  our 
estimates.  The  resulting  values  tum  for  the  tunneling 
transitions  £\  — ^  £2'  in  the  model  structure  are  about 
30  ps  {dB  =  6nm),  10  ps  (ds  =4nm),  3  ps  (ds  2 
nm)  based  on  the  calculated  (5£spiit  =  0.5, 1  and  3  meV. 

According  to  far-infrared  emission  [12],  photo¬ 
luminescence  and  vertical  transport  investigations 
[4,5,13]  the  lowest  subbands  are  manifested  even 
in  very  long-period  superlattices  (SL)  (^/w^35  nm, 
)»3  1-2  meV).  Vertical-transport  measurements  in 

SL  with  d^y  =  25  nm  (Fig.  3)  show  that  the  low¬ 
est  states  are  distinctly  pronounced  in  the  resonant 
tunneling  structures  under  eonsideration  (the  data  in 
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Fig.  3.  (a)  Current-voltage  characteristics  of  GaAs/AlojGaojAs 
superlattice  =  25  nm,  d\3  =  \0  nm,  30  periods,  (b)  Dependence 
of  tunneling  time  calculated  from  experiments  on  the  basis 

of  resonance  tunneling  model  [13]  («/  is  the  voltage  between  the 
centers  of  the  neighboring  wells). 

Fig.  3  relate  to  SL  since  the  theoretical  model  [13] 
allows  one  to  determine  the  resonant  tunneling  char¬ 
acteristics  from  the  experiments  in  the  case).  The  data 
observed  are  a  proof  that  resonant  tunneling  can  be 
used  for  selective  depopulation  of  the  levels  leading 
to  a  population  inversion  in  WQWS  [4,5]. 

3.2.  Space  charge  mismatching  of  resonant  levels  in 
electric  fields 

The  vertical  transport  measurements  reveal  a  large 
variety  of  the  effects  that  extremely  change  the  reso¬ 
nant  tunneling  behavior  and  the  electrical  properties 
of  the  WQWS  under  electrical  fields  [4,5,12-15].  As 
can  be  seen  from  Fig.  3  the  current-voltage  character¬ 
istics  of  the  long-period  superlattices  have  a  very  com¬ 
plicated  stepwise  form  with  a  set  of  plateaus  having 
a  shallow  periodic  structure.  These  peculiarities  have 
been  investigated  in  detail  by  now  and,  as  shown,  are 
caused  by  the  carrier  redistribution  in  the  structures 
leading  to  a  mismatch  of  the  resonant  levels,  break¬ 
ing  the  system  down  to  the  areas  with  different  elec¬ 
tric  field  strength  (electric-field  domains)  [4,12-15]. 
Effects  of  the  same  type  were  observed  equally  in  the 
WQWS  [4,5].  The  main  result  from  the  experiments 
is  that  the  carrier  redistribution  leads  to  blocking  the 
transformation  of  the  resonant  tunneling  structure  in 
an  electric  field  and,  at  the  same  time,  results  in  a 
mismatching  of  the  energy  levels  involved  in  the  res¬ 
onance.  These  effects  can  be  overcome  but  merit  de¬ 
tailed  consideration. 


4.  Optical  intersubband  absorption 
and  amplification  in  multiple 
wide-quantum-well-structures 

The  estimates  of  the  resonant  tunneling  rates  and 
the  relaxation  life-times  of  carriers  in  the  lowest 
states  look  suitable  and  combined  with  the  large  os¬ 
cillator  strength  of  optical  intersubband  transitions  in 
wide- well  structures  make  the  laser  problem  in  such 
systems  fairly  attractive.  According  to  the  analytically 
obtained  expression  [5] 

„int  er  ^  ^ -  1.^)1 _ 

9  mcY\(odlj[e(&2  -  ei  -  +  F^]' 

the  intersubband  optical  absorption  coefficient  for 
transitions  between  the  first  excited  and  the  ground 
subbands  in  GaAs/AlojGao.vAs  structure  is  of  order 
=  4  X  10^  cm“^  at  a  carrier  concentration  of 
10'^  cm“^  (d^,y  =  25  nm,  db  =  4  nm,  T  =  5  meV, 
£2  -  £i  =  22  meV,  T  =  4.2  K).  Here  £f  is  the  Fermi 
energy,  F  the  level  width,  c  the  light  velocity,  rj  the 
refractive  index,  co  the  optical  transition  frequency, 
e  and  m  the  electron  charge  and  the  effective  mass, 
respectively.  Taking  into  account  the  estimates  for 
free-carrier  absorption  at  the  same  parameters  (less 
than  10  cm“^)  [5]  and  for  phonon  absorption  (less 
than  10  cm“')  [16]  in  the  same  spectral  range  one 
can  conclude  that  even  the  very  small  population  in¬ 
version  in  the  lowest  subbands  may  result  in  a  drastic 
increase  of  the  intensity  of  emission  due  to  transi¬ 
tions  between  these  states.  Combined  with  the  fact 
that  the  tunneling  heating  effect  under  the  condition 
T3^*  =  ^  Ttun  <  1^2^  cannot  play  an  essential  role, 

the  above  discussion  appears  to  be  stimulating  for 
laser  investigations  not  only  in  WQWS  but  also  in 
multiple  WQWS  as  well. 


5.  Conclusion 

Theoretical  estimates  and  the  results  of  vertical 
transport  and  optical  investigations  in  GaAs/AlGaAs 
wide-quantum-well  structures,  allow  us  to  estimate 
the  optical  properties  as  well  as  the  carrier  relaxation 
lifetime  and  resonant  tunneling  rate  characteristics 
for  the  structure  revealing  the  possibility  of  intersub¬ 
band  population  inversion  and  far-infrared  stimulated 
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emission  between  the  first  excited  and  the  ground 
states  in  the  system. 
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Abstract 

We  have  proposed  stimulated  generation  of  plasmons  (plasma  instabilities)  as  a  novel  way  to  generate  THz  radiation  from 
low-dimensional  semiconductor  systems.  The  microcharge  oscillations  of  such  plasmons  become  the  source  of  electromagnetic 
radiation  in  the  THz  range.  This  plasma-instability-based  concept  offers  distinct  advantages  as  it  relies  on  a  collective 
phenomenon,  which  is  less  susceptible  to  disruption  due  to  higher  temperatures  and  various  scattering  effects.  Also,  since  the 
plasmons  are  created  internally  and  form  a  (coherent)  collective  mode  of  the  electron  gas  itself,  there  is  no  need  for  an  external 
feedback  mechanism.  A  self-consistent  calculational  scheme  shows  the  feasibility  of  plasma  instabilities  in  appropriately 
designed  quantum  well  structures.  ©  2000  Published  by  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Terahertz  emission;  Plasma  instabilities;  Plasmon  lasers;  Inter-subband  plasmons 


1.  Introduction 

There  is  an  increasing  interest  in  and  need  for 
compact,  coherent  and  tunable  sources  of  terahertz 
(THz)  radiation,  in  view  of  their  many  possible  ap¬ 
plications.  Neither  conventional  electronic  devices 
nor  lasers  have  been  able  to  provide  sources  in  this 
difficult,  intermediate  frequency  range.  The  con¬ 
ventional  electronic  devices  (transistors,  IMPATT 
diodes,  etc.)  cannot  reach  this  frequency  range  due 
to  the  so-called  impedance  limitation  [1-4].  While 
the  quantum  cascade  structures  have  been  extended 
to  THz  frequencies,  only  spontaneous  emission  has 
been  obtained  so  far  [5,6].  Stimulated  generation  of 
plasmons  (plasma  instabilities)  has  been  proposed  by 
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US  as  a  novel  way  to  generate  THz  radiation  from 
low-dimensional  semiconductor  systems  [7]. '  The 
microcharge  oscillations  of  such  plasmons  can  be¬ 
come  the  source  of  electromagnetic  radiation  in  the 
THz  range.  This  mechanism  is  a  robust  phenomenon, 
since  the  microcharge  oscillations  are  intrinsically  co¬ 
herent.  Analogs  of  this  phenomenon  are  well  known 
in  gaseous  plasmas  [8-10],  where  plasma  instabilities 
have  been  studied  theoretically  and  observed  exper¬ 
imentally  in  many  situations  and  have  led  to  device 
applications  [11].  Even  high  temperatures  and  various 
scattering  effects  cannot  easily  disrupt  these  coherent 
collective  oscillations.  Since  the  natural  plasma  os¬ 
cillations  of  the  carriers  in  typical  low-dimensional 
semiconductor  systems  are  in  the  THz  range,  we  have 


'  This  paper  provides  a  review  of  our  earlier  work  and  a  per¬ 
spective  for  future  work. 
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systematically  investigated  the  possibility  of  gen¬ 
erating  plasma  instabilities  in  several  such  systems 
[12-21]. 

Nonequilibrium  plasmas  can  spontaneously  de¬ 
velop  growing  plasma  oscillations  (plasma  instabili¬ 
ties)  in  many  situations  [8-10].  This  happens  because 
plasmons  constitute  a  natural  energy  transfer  channel 
in  a  plasma,  and  provide  an  easy  way  to  relax  the 
excess  free  energy  of  a  nonequilibrium  plasma.  A 
sufficiently  strong  population  inversion  in  the  can'ier 
distribution  function  is  needed  for  this  to  happen. 
Such  a  population  inversion  can  often  be  achieved  by 
driving  a  constant  current  through  the  plasma.  How¬ 
ever,  in  solid-state  plasmas  the  drift  velocity  required 
to  achieve  such  a  population  inversion  is  prohibitively 
large,  of  the  order  of  the  Fermi  velocity  [12-17].  In 
contrast  to  the  uniform  systems  [12-17]  introducing 
a  periodic  density  modulation  [19]  in  a  high  mobility 
quantum  wire  leads  to  a  dramatic  reduction  in  the 
threshold  drift  velocity  required  to  generate  a  plasma 
instability,  making  this  system  a  suitable  candidate 
for  experimental  verification  of  this  phenomenon. 
Bounded  plasmas  offer  distinct  advantages  [7]  and 
can  be  employed  as  active  media  to  generate  strong 
plasma  instabilities  by  selective  extraction  and  injec¬ 
tion  of  carriers  [20,21]. 

Experimentally,  radiative  decays  of  plasmons  from 
two-dimensional  electron  channels  [22]  and  parabolic 
quantum  wells  [23]  have  been  observed,  emitting  ra¬ 
diation  in  THz  regime  at  low  temperature.  Emission 
from  coherent  (but  decaying)  plasmon  oscillations 
even  at  room  temperature,  and  in  the  presence  of  bulk 
doping,  on  a  picosecond  time  scale  has  also  been  ob¬ 
served  [24].  These  results  suggest  that  plasma  oscilla¬ 
tions  can  survive  even  at  room  temperature  in  doped 
semiconductors.  If  a  plasma  instability  is  generated 
along  the  ideas  mentioned  above,  it  would  then  pro¬ 
vide  the  means  to  sustain  coherent  plasma  oscillations 
and  the  ensuing  radiation.  This  phenomenon  can  thus 
be  used  for  the  realization  of  practical  semiconductor 
THz  radiation  sources. 

From  our  investigation  of  plasma  instabilities  in 
various  systems,  we  find  that  quantum  well  struc¬ 
tures  (QWS)  operating  under  bias  in  a  nonequilib¬ 
rium  steady  state,  with  appropriate  earner  injection 
and  extraction  [25,26],  may  be  the  best  candidates 
for  a  realization  of  this  idea.  The  simplest  scenario 
for  the  generation  of  plasma  instabilities  requires  [21] 


a  three-subband  system,  with  the  first  and  third  sub¬ 
band  well  populated  and  the  second  nearly  empty  (or 
vice-versa).  The  essential  instability  mechanism  is  the 
resonant  interaction  of  two  plasma  modes,  due  to  the 
up  and  down  depolarization  shifted  intersubband  plas¬ 
mons,  in  such  a  structure  [21]. 

We  have  developed  a  fully  self-consistent  compu¬ 
tational  scheme  for  designing  such  structures.  The 
eigenstates  are  determined  by  the  Schroedinger- 
Poisson  scheme,  the  subband  populations  by  rate  bal¬ 
ance  equations,  inter-subband  transfer  rates  through 
a  RPA  self-energy  calculation,  and  the  injection- 
extraction  rates  by  the  transfer  matrix  for  complex 
energies.  The  feasibility  of  plasma  instability  for  the 
resulting  nonequilibrium  steady  state  is  examined  for 
each  bias,  by  obtaining  the  full  spectral  response  in 
a  RPA  formalism.  The  I-V  curves,  and  the  domains 
of  instability  (as  a  function  of  bias)  are  obtained  for 
any  structure.  Experimental  results  on  first  generation 
structures  confirm  our  predictions  of  the  dynamic 
conductance  versus  bias  [25],  and  (spontaneous) 
emission  frequencies  [26].  Population  inversion  was 
insufficient  to  generate  a  plasma  instability  in  these 
bulk-doped  structures.  Preliminary  experimental  re¬ 
sults  on  the  newly  designed,  second-generation  struc¬ 
tures,  which  are  remote-doped,  show  quantitative 
agreement  with  our  calculation  of  the  current  versus 
bias.  Calculations  also  show  that  sufficient  population 
inversion  can  be  achieved  in  such  structures  to  obtain 
plasma  instability,  and  ensuing  THz  radiation. 


2.  Calculations 


2.1.  Non-equilibrium  steady  state 


We  use  the  Hartree  approximation  in  which  one 
solves  self-consistently  the  Schroedinger  equation  of 
the  form 


d^ 

2m*  dz^ 


Text  ^Hartree 


ll/jiz)  =  Bj<i)j{z) 


(1) 


with  the  Hartree  potential  given  by 

d^  Ane^  i  /  /  m2 

^f^Harlrcc  = - —  ^«ylV^(z)l  . 


,/ 


(2) 


Uj  being  the  electron  density  in  the  yth  sub-band.  This 
calculation  provides  the  energy  levels  a,  and  the  cor- 


P.  Bakshi,  K.  Kempa  I  Pliysica  E  7  (2000)  63-68 


65 


responding  wavefunctions  for  the  total  potential 

f^tot  “  fext  “I"  ^Hartrec- 

2.2.  Scattering  and  transmission  rates 

We  have  developed  a  full  RPA  formalism,  and 
an  efficient  computational  scheme  for  calculating  the 
electron-electron  scattering  rates  in  quantum  wells, 
which  include  both  single  particle  (Auger)  and  collec¬ 
tive  (plasmon)  processes  [27,28].  The  intersubband 
scattering  rates,  yecCy f\  can  be  obtained  from 
the  imaginary  part  of  the  con'esponding  self-energy 
(see  Refs.  [27,28]).  These  rates  depend  on  the  wave 
functions  and  energies  of  Section  2.1. 

We  similarly  obtain  electron-phonon  rates  yto  due 
to  the  dominant  LO  phonon  emission,  through  essen¬ 
tially  evaluating  the  imaginary  part  of  the  self-energy 
using  the  unscreened  phonon  interaction,  and  assum¬ 
ing  the  “bulk”  (3D)  LO  phonon  dispersion. 

The  injection  and  extraction  rates  and  Pj  are 
determined  by  the  transfer  matrix  method  [29].  The 
complex  energy  poles  of  the  transmission  coefficient, 
Ej  =  Erj  -  irj/2,  determine  [30]  the  total  widths  Ej  = 
ocj  -f-  Pj  of  the  quasi-bound  energy  levels  E,.j.  This  con¬ 
dition  is  equivalent  to  M\]{Ej)  =  0  in  terms  of  the 
transfer  matrix  M  [23].  The  ratio  {Pjjoij)  is  related  to 
\M2\{Ej)\^,  and  along  with  Fj  determines  the  values 
of  aj  and  pj  for  any  given  quantum  well  structure  [29]. 
We  detenuine  the  transfer  matrix  numerically  from 
the  shape  of  the  total  potential  Viox(z)  of  Section  2.1 

2.3.  Balance  equations  for  the  siibband  populations 

The  subband  populations  are  determined  by  the  rate 
balance  equations 

^  =  ai(Nl-  -fti)-  (Si(n,  -  ) 

j 

+  E  [fXi  ^  0  +  ^  0]«y ,  (3) 

j 

where  «,•  is  the  population  (sheet  density)  of  the  /th 
level  in  the  active  region,  obtained  by  summing  the 
distribution  function  over  the  in-plane  momenta,  a, 
are  the  injection  and  pi  the  extraction  rates,  and 


the  populations  of  the  regions  to  the  left  and  right 
of  the  active  region.  These  rate  equations  are  based 
on  integrating  over  the  in-plane  momentum  transfers, 
and  are  adequate  at  low  temperatures.  More  detailed 
equations  in  terms  of  the  distribution  functions  become 
necessary  at  higher  temperatures. 

In  the  steady  state,  dui/dt  =  0.  The  a  and  P  terms 
provide  the  net  particle  flow  through  each  level,  and 
the  net  current  in  the  steady  state  is  given  by 

J  =  eY)«i(N)  -ni)  =  eY)  Piint  -  )■  (4) 

/  / 

The  and  y^°  terms  represent  all  the  interlevel  tran¬ 
sitions  through  the  scatterings.  The  matrix  elements 
entering  y®^  and  y^^  coefficients,  as  well  as  the  rates  a 
and  p  depend  on  the  nonequilibrium  steady-state  ener¬ 
gies  and  wave  functions  (Section  2.1),  which  in  turn, 
through  the  Hartree  potential,  depend  on  the  subband 
populations  nj  obtained  from  the  balance  equations. 
The  self-consistent  solution  is  obtained  by  iteration 
until  the  input  Uj  in  Eq.  (2)  and  the  solutions  nj  of  Eq. 
(3)  agree. 


2.4.  Response  calculations 


We  obtain  the  electromagnetic  response  using 
our  RPA  formalism  for  inhomogeneous  systems 
[25,31,32].  The  energies  and  wave  functions  from 
the  nonequilibrium  steady-state  calculations  (Section 
2.1)  are  used  to  obtain  the  density  response  of  the 
entire  system.  In  general,  one  can  write  the  induced 
density  as 

Sp{z;g±,(o)=  [  dz'xo(.z,z'',q±.0})Vj(z';q_i_,co),(5) 


where  is  the  single-electron  suscepti¬ 

bility  given  by 


xo(z,z';  co) = 2  ^  y]  y] 

ki.  J  r 


f,:  -  fe.‘ 
s  —  a'  4-  hco 


where  Vj  is  the  total  dynamic  potential  for  an  ex¬ 
ternal  perturbation  at  frequency  co,  and  includes  the 
dynamical  Hartree  term.  Also,  /^  =  f 
k\l2m*,a'  =  Sf  +  (k^  -F  ^_L)^/2m*,  where  is  the 
electron  wave  vector  and  q±  the  plasmon  wave  vector 
in  the  perpendicular  (x  —  y)  plane. 
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The  density  response  becomes  infinite  at  the  plasma 
mode  frequency.  Our  formalism  [31,32],  with  proper 
analytical  continuation  [32-34],  allows  us  to  study  all 
relevant  roots  of  the  response  functions  in  the  entire 
complex  frequency  plane.  Characteristics  of  the  un¬ 
stable  plasma  modes  arc  detennined,  with  imaginary 
part  of  the  frequency  y  =  Im  co  (when  positive)  repre¬ 
senting  the  growth  rate. 

Our  present  calculations  show  that  there  is  very  lit¬ 
tle  dispersion  of  co  with  the  in-plane  wave  vector 
of  the  plasmon,  and  that  the  growth  rate  y  diminishes 
rapidly  with  q^.  Thus  the  mode  arising  from  “ver¬ 
tical  transitions”  (^j.  =  0)  will  dominate,  providing 
frequency  coherence  in  spite  of  the  in-planc  electron 
energy  continuum. 

3.  Comments 

5.7.  Plasma  wave  growth  saturation 

If,  for  a  given  applied  bias,  the  condition  for  a 
plasma  instability  (i.e.  y  >  0)  is  satisfied,  the  induced 
plasma  wave  density  amplitude  begins  to  grow  expo¬ 
nentially  in  time,  with  time  constant  1/y.  The  grow¬ 
ing  energy  in  the  induced  charge  oscillation  can  be 
viewed  to  be  due  to  a  growing  plasmon  population. 
The  larger  this  population  becomes,  the  greater  is  the 
rate  of  creation  of  additional  plasmons;  this  is  why 
the  plasma  instahility  phenomenon  can  be  described 
as  the  stimulated  generation  of  plasmons. 

As  the  instability  develops,  the  induced  plasma 
wave  density  grows  sufficiently  strong  to  affect  the 
population  inversion,  through  the  inter-level  tran¬ 
sitions  which  generate  the  plasmons.  The  reduced 
population  inversion  diminishes  the  instantaneous 
growth  rate  y,  (Section  2.4),  even  as  the  mode  ampli¬ 
tude  keeps  growing.  Finally,  this  continuing  wave- 
particle  interaction  makes  y  ^  0.  In  this  new  steady 
state,  the  plasma  mode  has  grown  to  a  saturation 
level,  providing  a  significant  plasmon  population  in 
the  system.  Determination  of  the  properties  of  this 
new  steady  state  will  require  enlargement  of  the 
self-consistency  scheme  to  include  the  full  ramifica¬ 
tions  of  this  large  amplitude  coherent  charge  oscilla¬ 
tion  for  various  collision  rates,  and  for  the  previous 
nonequilibrium  steady  state.  If  this  amplitude  is  large 
enough,  quasi -energy  sidebands  appear  at  multiples 


of  the  plasma  wave  frequency  in  this  new  dynamic 
nonequilibrium  oscillating  state. 

5.2.  Radiation  emission  characteristics 

The  plasma  charge  oscillations  in  the  bounded  sys¬ 
tem  are  dipole  active,  and  directly  emit  narrow  width 
electromagnetic  radiation  at  the  same  frequency.  The 
power  level  of  the  electromagnetic  radiation  is  related 
to  the  dipole  strength,  and  thus  to  the  plasma  mode 
amplitude  at  saturation,  determined  through  various 
loss  mechanisms  and  the  onset  of  nonlinear  effects 
(Section  3.1). 

Even  when  the  conditions  for  a  plasma  instabil¬ 
ity  are  not  met,  the  emissive  plasma  modes  of  the 
nonequilibrium  plasma  will  couple  to  and  decay  into 
electromagnetic  radiation  at  the  frequencies  of  the 
plasma  modes.  The  line  widths,  however,  will  be 
broader,  reflecting  the  uncompensated  loss  mecha¬ 
nisms.  The  power  levels  will  also  be  much  lower, 
since  there  is  no  build-up  of  energy  from  the  driving 
current. 

5.5.  Other  experimental  signatures 

Even  though  our  goal  is  the  direct  observation  of 
plasma  instabilities  through  the  ensuing  emission  of 
THz  radiation  (Section  3.2),  we  can  also  obtain  indi¬ 
rect  evidence  for  an  instability,  through  the  identifica¬ 
tion  and  detection  of  specific  signatures  in  the  trans¬ 
port  and  emission  characteristics.  It  is  necessary  to 
make  these  observations  in  small  steps  of  the  applied 
bias,  since  the  predicted  domains  of  plasma  instability 
cover  narrow  bias  ranges. 

For  some  biases,  the  plasma  instability  occurs,  but 
being  damped  out  due  to  larger  (intrinsic)  dissipative 
losses  in  the  given  structure.  If  we  do  not  take  into 
account  these  damping  effects,  we  would  have  y  >  0. 
However,  the  effective  growth  rate  is  only  yeir  =  y  —  v, 
where  v  represents  all  the  damping  effects.  So,  in  a 
regime  where  y  >  v,  plasma  wave  growth  and  satu¬ 
ration  will  occur,  with  strong  radiation  (Sections  3.1 
and  3.2).  On  the  other  hand,  if  y  <  v,  the  mode  is  ef¬ 
fectively  damped  with  Vefy  =  v-y.  ( 1 )  This  effect  will 
show  up  as  line  narrowing  for  the  range  of  biases 
where  y  >  0.  Other  neighboring  lines  which  are  due  to 
real-emissive  modes  (y  =  0),  will  show  a  larger  broad¬ 
ening  corresponding  to  v.  (2)  We  find  that  the  mode 
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frequency  does  not  vary  much  in  the  range  of  instabil¬ 
ity,  This  is  a  general  feature  of  the  plasma  instability 
phenomenon  arising  from  the  merging  of  two  modes 
in  the  range  of  biases  where  the  instability  occurs. 
Thus  dco/d  Fb  will  show  a  dip  in  that  range  of  biases 
(3).  Since  the  plasmon  generation  during  an  instabil¬ 
ity  opens  a  new  channel  for  transport,  we  can  expect 
an  enhanced  current  in  the  range  of  biases  where  an 
instability  occurs.  This  can  be  seen  in  the  I~V  char¬ 
acteristics. 

3.4.  Concluding  remarks 

As  shown  in  Ref.  [26],  radiation  emission  has  been 
observed,  in  agreement  with  the  theoretical  calcula¬ 
tion,  and  shows  that  a  population  inversion  has  been 
achieved  in  the  previously  designed  structures.  The 
next  generation  of  structures,  with  no  doping  in  the 
active  region,  should  considerably  reduce  the  broad¬ 
ening  seen  in  the  emission.  The  measured  current 
in  such  structures  is  much  larger,  in  agreement  with 
the  theoretical  calculations.  Our  present  self-eonsistent 
calculations  show  instabilities  with  y  upto  0.5  meV. 
Enhancing  the  growth  rate  to  over  1  meV  by  varying 
the  structure  parameters  should  be  sufficient  to  gener¬ 
ate  observable  plasma  instabilities  in  clean  samples. 
The  plasma  instability  under  eonsideration  has  shown 
itself  to  be  both  ubiquitous  and  robust.  Thus  we  expect 
that  our  designed  structures  will  lead  to  a  “proof  of 
principle”  for  the  phenomenon  of  plasma  instability, 
to  be  detected  through  an  abrupt  increase  in  the  current 
as  a  function  of  the  bias  potential  in  the  measured  I-V 
curve,  by  line  narrowing  in  emission,  by  reduction  of 
doVdFb  ffi  the  range  of  biases  where  instability  occurs 
and  finally,  for  a  sufficiently  strong  plasma  instability, 
through  the  ensuing  electromagnetic  radiation. 

Acknowledgements 

This  work  has  been  supported  by  USARO  grant  no. 
DAAG55-97- 1-0021. 


References 

[1]  M.  Tschemitz,  J.  Freyer,  Electron.  Lett.  31  (1995)  582. 

[2]  M.E.  Elta  et  al.,  IEEE  Electron  Dev.  Lett.  EDL-6  (1980)  694. 


[3]  H.  Eisele,  G.C.  Haddad,  IEEE  Microwave  Guided  Wave  Lett. 
5  (1995)  385. 

[4]  H.  Eisele,  G.I.  Haddad,  Electron.  Lett.  30  (1994)  1950. 

[5]  M.  Rochat,  J.  Faist,  M.  Beck,  U.  Oesterle,  M.  Ilegems,  Appl. 
Phys.  Lett.  73  (1998)  3724. 

[6]  B.  Xu,  Q.  Hu,  M.  Melloch,  Appl.  Phys.  Lett.  71  (1997)  440. 

[7]  P.  Bakshi,  K.  Kempa,  Superlattices  Microstruct.  17  (1995) 
363. 

[8]  A.B.  Mikhailovskii,  in:  Theory  of  Plasma  Instabilities,  Vol. 
1,  Consultant  Bureau,  New  York,  1974. 

[9]  N.  Krall,  A.  Trivelpiece,  in:  Principles  of  Plasma  Physics, 
McGraw-Hill,  New  York,  1973. 

[10]  S.  Ichimaru,  Basic  Principles  of  Plasma  Physics  -  a  Statistical 
Approach,  Benjamin/Cummings,  Reading,  MA,  1973. 

[11]  A.  Gover,  A.  Yariv,  in:  S.F.  Jacobs  et  al.  (Eds.),  Novel 
Sources  of  Coherent  Radiation,  Addison- Wesley,  London, 
1978,  p.  197. 

[12]  P.  Bakshi,  J.  Cen,  K.  Kempa,  J.  Appl.  Phys.  64  (1988)  2243. 

[13]  J.  Cen,  K.  Kempa,  P.  Bakshi,  Phys.  Rev.  B  38  (1988) 
10051. 

[14]  P.  Bakshi,  J.  Cen,  K.  Kempa,  Solid  State  Commun.  76  (1990) 
835. 

[15]  J.  Cen,  K.  Kempa,  P.  Bakshi,  Solid  State  Commun.  78  (1991) 
433. 

[16]  K.  Kempa,  P.  Bakshi,  J.  Cen,  H.  Xie,  Phys.  Rev.  B  43  (1991) 
9273. 

[17]  H.  Xie,  K.  Kempa,  P.  Bakshi,  J.  Appl.  Phys.  72  (1992)  4767. 

[18]  K.  Kempa,  P.  Bakshi,  H.  Xie,  W.L.  Schaich,  Phys.  Rev.  B 
47  (1993)  4532. 

[19]  K.  Kempa,  P.  Bakshi,  H.  Xie,  Phys.  Rev.  B  48  (1993)  9158. 

[20]  K.  Kempa,  P.  Bakshi,  E.  Gomik,  Phys.  Rev.  B  54  (1996) 
8231. 

[21]  P.  Bakshi,  K.  Kempa,  in:  J.  Clark,  P.  Panat  (Eds.),  Condensed 
Matter  Theories,  Vol.  12,  Nova  Science  Publishers,  New 
York,  1997,  p.  399. 

[22]  M.  Vossebuerger,  H.G.  Roskos,  F.  Wolter,  C.  Waschke,  H. 
Kurz,  K.  Hirakawa,  I.  Wilke,  K.  Yamanaka,  J.  Opt.  Soc.  Am. 
B  13  (1996)  1045. 

[23]  K.D.  Maranowski,  A.C.  Gossard,  K.  Unterrainer,  E.  Gomik, 
Appl.  Phys.  Lett.  69  (1996)  3522,  and  further  experimental 
work  in  Vienna. 

[24]  R.  Kersting,  K.  Unterrainer,  G.  Strasser,  H.F.  Kauffmann,  E. 
Gomik,  Phys.  Rev.  Lett.  79  (1997)  3038. 

[25]  K.  Kempa,  P.  Bakshi,  C.G.  Du,  G.  Feng,  A.  Scompsky,  G. 
Strasser,  C.  Rauch,  K.  Unterrainer,  E.  Gomik,  J.  Appl.  Phys. 
85  (1999)  3708. 

[26]  P.  Bakshi,  K.  Kempa,  A.  Scompsky,  C.G.  Du,  G.  Feng,  R. 
Zohl,  G.  Strasser,  C.  Rauch,  Ch.  Pacher,  K.  Unterrainer,  E. 
Gomik,  Appl.  Phys.  Lett.  75  (1999)  1685. 

[27]  K.  Kempa,  P.  Bakshi,  J.  Engelbrecht,  Y.  Zhou,  Intersubband 
electron  transitions  due  to  electron-electron  interactions  in 
quantum  well  structures,  submitted. 

[28]  K.  Kempa,  P.  Bakshi,  in  these  Proceedings  (ITQW  ’99), 
Physica  E  7  (2000). 

[29]  C.G.  Du,  P.  Bakshi,  K.  Kempa,  Injection  and  extraction  rates 
for  quantum  well  structures  thi'ough  the  transfer  matrix  at 
complex  energies,  to  be  published. 


68 


P.  Bakshi,  K.  Keinpa  I  Physica  E  7  ( 2000)  63-68 


[30]  E.  Mcrzbachcr,  Quantum  Mechanics,  2nd  Edition,  Wiley, 
New  York  (Chapter  7)  1970. 

[31]  K.  Kcmpa,  D.A.  Broido,  C.  Beckwith,  J.  Cen,  Phys.  Rev.  B 
40  (1989)  8385. 

[32]  K.D.  Tsuci,  E.W.  Plummer,  A.  Libsch,  E.  Phclkc,  K.  Kempa, 
P.  Bakshi,  Surf.  Sci.  247  (1991)  302. 


[33]  P.  Bakshi,  K.  Kempa,  Phys.  Rev.  B  40  (1989)  3433. 

[34]  K.D.  Tsuei,  E.W.  Plummer,  A.  Liebsch,  K.  Kempa,  P.  Bakshi, 
Phys.  Rev.  Lett.  64  (1990)  44. 


PHYSICA 


ELSEVIER 


Physica  E  7  (2000)  69-75 


www.elsevier.nl/locate/physe 


Interband  cascade  lasers:  progress  and  challenges 

Rui  Q.  Yang  *,  J.D.  Brano,  J.L.  Bradshaw,  J.T.  Pham,  D.E.  Wortman 

US  Army  Research  Laboratory,  2800  Powder  Mill  Road,  Adelphi,  MD  20783-1197,  USA 


Abstract 

Interband  cascade  (IC)  lasers  take  advantage  of  the  broken-gap  alignment  in  type-II  InAs/Ga(In)Sb  heterostructures  to 
reuse  electrons  for  sequential  photon  emissions  from  successively  connected  active  regions;  thus,  they  represent  a  new  class 
of  mid-IR  light  sources.  In  this  work,  we  describe  recent  progress  in  IC  lasers  at  emission  wavelengths  of  3. 8-3. 9  pm;  these 
lasers  have  exhibited  significantly  higher  differential  quantum  efficiencies  and  peak  powers  than  previously  reported.  These 
InAs/GalnSb  type-II  IC  lasers  were  able  to  operate  at  temperatures  up  to  217  K,  which  is  higher  than  the  previous  record 
(182  K)  for  an  IC  laser  at  this  wavelength.  We  observed  from  several  devices  at  temperatures  above  80  K  a  slope  greater 
than  750  mW/A  per  facet,  corresponding  to  a  differential  external  quantum  efficiency  exceeding  460%.  A  peak  optical  output 
power  exceeding  4  W/facet  and  peak  power  efficiency  of  ^  7%  were  observed  from  a  device  at  80  K.  Also  discussed  are 
challenging  issues  related  to  the  reduction  of  threshold  currents  and  power  dissipation  to  further  advance  this  new  class  of 
lasers.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Antimonides;  Diode  lasers;  Type-II  quantum  wells;  Interband  cascade  lasers 


The  concept  of  interband  cascade  (IC)  lasers, 
utilizing  optical  transitions  between  the  conduction 
and  valence  bands  in  a  staircase  of  Sb-based  type-II 
quantum-well  (QW)  structures,  was  first  proposed 
in  1994  by  Yang,  then  at  the  University  of  Toronto, 
Canada  [1].  IC  lasers  reuse  injected  electrons  by  tak¬ 
ing  advantage  of  the  broken  band-gap  alignment  in 
Sb-based  type-II  QWs  to  form  cascade  stages,  leading 
to  a  quantum  efficiency  greater  than  the  conventional 
limit  of  unity,  similar  to  the  intersubband  quantum 
cascade  (QC)  laser  [2].  Furthermore,  IC  laser  designs 
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can  circumvent  the  fast  phonon  scattering  loss  in  inter¬ 
subband  QC  lasers  and  suppress  Auger  recombination 
through  band- structure  engineering.  Mid-IR  IC  lasers 
based  on  InAs/GalnSb  type-II  QWs  are  promising  for 
obtaining  high  output  powers. 

Following  the  initial  success  in  the  characterization 
and  the  observation  of  mid-IR  electroluminescence  of 
type-II  IC  structures  [3,4],  IC  lasers  were  first  demon¬ 
strated  in  early  1997  [5].  Shortly  thereafter,  type-II 
IC  lasers  were  improved,  with  encouraging  results: 
~  0,5  W/facet  peak  power,  relatively  high  quantum 
efficiency  (>  200%),  and  near-room-temperature 
operation  at  3.5  pm  [6-10].  However,  since  then, 
little  new  progress  was  made  until  this  year. 

Recently,  we  have  made  significant  advances 
[11,12]  in  the  development  of  type-II  IC  lasers  in 
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terms  of  record-high  differential  quantum  efficiency, 
peak  output  power,  operating  temperature,  peak  power 
conversion  efficiency,  and  reproducibility.  Here,  we 
present  this  recent  progress  and  discuss  issues  that 
need  to  be  addressed  in  order  to  further  advance  this 
new  class  of  lasers. 

The  1C  laser  structure  we  have  studied  has  23  re¬ 
peated  periods  of  active  regions  separated  by  n-type 
injection  regions,  as  shown  in  Fig.  1,  that  fonn  the 
waveguide  core.  Two  n-type  InAs/AlSb  superlat- 
ticcs  were  used  as  top  and  bottom  optical  waveguide 
cladding  layers,  with  thicknesses  of  ~  1.6  and  2  pm, 
respectively.  Each  active  region  comprises  coupled 
QWs,  stacked  sequentially  with  23  A  AlSb,  25  A 
InAs,  36A  Ga().7lno.3Sb,  IsA  AlSb,  and  58A  GaSb 
layers.  Digitally  graded  lnAs/Al(ln)Sb  multi-QWs 
were  employed  for  the  injection  region,  which  seiwes 
both  as  a  collector  for  the  preceding  active  region  and 
as  an  emitter  for  the  following  one.  Under  a  foi*ward 
bias,  electrons  arc  injected  from  the  emitter  into  the 
Ee  electron  level,  which  is  in  the  band-gap  region 
of  the  adjacent  GalnSb  layer.  Since  the  electrons  at 
the  Ee  level  arc  effectively  blocked  from  directly  tun¬ 
neling  out  by  the  GalnSb,  AlSb,  and  GaSb  layers, 
they  tend  to  relax  to  the  Eh  hole  state  in  the  adjacent 
valence-band  QW,  which  results  in  the  emission  of 
photons.  Electrons  in  the  Eh  state  cross  the  thin  AlSb 
barrier  and  GaSb  layers  by  tunneling  and  scattering 
into  the  conduction  band  of  the  next  injection  region 
because  of  a  strong  spatial  interband  coupling  (a 
unique  feature  of  typc-11  hctcrostructures).  They  are 


then  ready  for  the  next  interband  transition,  which 
leads  to  sequential  photon  emission  with  a  quan¬ 
tum  efficiency  greater  than  the  conventional  limit  of 
unity. 

Based  on  the  same  1C  structure  design,  three  laser 
samples  were  grown  in  a  Varian  Gen-Il  MBE  sys¬ 
tem  on  two  different  vendor  GaSb  substrates.  We  used 
double-crystal  X-ray  diffraction  (DCXRD)  spectra  to 
evaluate  the  quality  of  the  epitaxial  layers.  For  all  three 
laser  samples,  we  observed  many  sharp  satellite  peaks 
in  the  DCXRD  spectra,  indicating  their  high  structural 
quality. 

After  the  growth,  samples  were  processed  into 
broad-area  gain-guided  and  mesa-stripe  devices  with 
several  different  widths.  Au/AuGe  and  Au/Ti  electri¬ 
cal  contacts  were  deposited  onto  the  top  n-type  layer 
and  p-type  substrate,  respectively.  Laser  bars  were 
cleaved  to  cavities  from  0.5  to  1.5  mm  long  with 
both  facets  left  uncoated.  The  laser  bars  were  glued 
with  silver  epoxy,  epilayer  side  up,  onto  a  chip  car¬ 
rier  (made  of  Au-coated  Al-alloy)  and  devices  were 
wire-bonded  to  the  pin-outs.  The  chip  carrier  was 
then  mounted  on  the  temperature-controlled  cold  fin¬ 
ger  of  an  optical  cryostat.  The  optical  output  power 
was  measured  with  a  cooled  InSb  detector  together 
with  a  lock-in  amplifier  calibrated  by  a  thermopile 
power  meter  when  the  average  power  was  high.  For 
most  measurements,  neutral  density  filters  were  used 
to  avoid  saturating  the  detector. 

Devices  made  from  all  three  samples,  labeled  ICLl 
(vendor  A),  1CL2  (vendor  B),  and  ICL3  (vendor  B), 
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Current  /  (A) 

Fig.  2.  L-I  curves  and  spectra  of  lasers  made  from  ICLl  (top) 
and  ICL2  (bottom)  pumped  with  100  ns  pulses  at  1  kHz.  Note 
that  the  spectrum  for  ICLl  is  from  a  mesa-etched  laser  bar  and 
for  ICL2  is  from  a  gain-guided  device. 


lased  in  the  wavelength  range  from  3.8  to  3.9  |im. 
The  lasing  wavelengths  agree  well  with  the  designed 
wavelength  3.9  |im  at  80  K)  considering  some  un¬ 
certainty  in  the  growth  rates,  the  sample  uniformity, 
and  Stark  shifts  in  the  active  regions.  The  lasing  spec¬ 
tra  were  obtained  by  focusing  the  optical  output  beam 
into  a  I  m  monochrometer.  Two  high-resolution  spec¬ 
tra  of  lasers  from  ICLl  and  ICL2  (given  in  the  insets 
of  Fig.  2)  show  multiple  longitudinal  modes  with  ad¬ 
jacent  separations  50  and  40  A,  respectively)  that 
are  in  good  agreement  with  the  calculated  values  for 
the  Fabry-Perot  cavity. 


Fig.  3.  Peak  output  power  and  differential  external  quan¬ 
tum  efficiency  versus  injection  current  for  a  gain-guided 
(0.2  mm  X  0.52  mm)  laser  device  with  100  ns  pulses  at  1  kHz. 


Temperature  (K) 

Fig.  4.  Threshold  current  density  versus  the  heat-sink  tempera¬ 
ture.  The  cavity  length  varies  from  0.45  to  1.2  mm.  The  stripe 
width  is  50  pm  (down  triangle),  150  pm  (open  triangle),  0.2  mm 
(diamond),  and  0.1  mm  (others). 

Lasers  made  from  different  vendor  substrates  ex¬ 
hibited  different  general  characteristics.  In  Fig.  2, 
peak  powers  observed  from  gain-guided  devices  fab¬ 
ricated  from  ICLl  and  ICL2  are  shown  as  functions 
of  injection  current.  Lasers  from  ICLl  have  much 
lower  threshold  current  densities.  They  were  able  to 
operate  at  duty  cycles  as  large  as  20-30%  (20-30  ps 
at  10  kHz).  The  threshold  current  densities  of  lasers 
from  ICLl  were  found  to  be  relatively  insensitive  to 
the  cavity  length.  This  suggests  that  the  optical  loss 
in  lasers  from  ICLl  was  quite  significant,  consistent 
with  the  relatively  low  slope  efficiencies  (dP/d/) 
observed.  Devices  from  ICL2  have  higher  threshold 
current  densities  and  consequently  were  electrically 
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Fig.  5.  Peak  output  power  versus  injection  current  for  a  mesa  stripe 
{0.1  mm  X  1.03  mm)  laser  device  with  100  ns  pulses  at  1  kHz. 


Fig.  6.  Peak  output  power  (filled)  and  differential  external  quan¬ 
tum  efficiency  (open)  versus  injection  current  for  a  mesa  stripe 
(0.2  mm  X  0.53  mm)  laser  from  ICL2  with  100  ns  (200  ns  at 
1  lOK)  pulses  at  1  kHz. 

pumped  with  (usually)  100  ns  current  pulses  at  rep¬ 
etition  rates  of  1-10  kHz.  These  lasers  had  larger 
slopes,  i.e.  a  higher  differential  external  quantum  effi¬ 
ciency  (DEQE).  The  slope  efficiency  was  found  to  be 
weakly  dependent  on  the  temperature  and  to  increase 
with  the  current.  The  weak  dependence  of  slope  effi¬ 
ciency  on  temperature  was  also  observed  from  previ¬ 
ously  reported  IC  lasers  emitting  at  ^  3  and  3.5  pm 
[6,9].  However,  with  the  devices  reported  here,  we 
achieved  significantly  higher  slope  efficiencies.  In 
Fig.  2,  slopes  greater  than  350  mW/A  were  observed 
in  the  device  from  ICL2;  these  slopes  correspond 
to  DEQE  exceeding  215%  assuming  two  identical 
facets,  indicating  more  than  two  photons  generated 


Current  7  (A) 


Fig.  7.  Peak  output  power  versus  injection  current  for  a  mesa 
(0.1  mm  X  0.53  mm)  laser  from  ICL2  under  100  ns  pulses  at  1 
kHz.  The  inset  is  a  high-resolution  lasing  spectrum  at  0.9  A. 


Fig.  8.  The  peak  power  observed  from  two  mesa  lasers  (0.2  mm 
and  0.1  mm  wide  stripes)  from  ICL2  pumped  by  large  pulsed 
currents  at  1  and  10  kHz,  respectively. 

by  each  injected  electron.  However,  the  threshold 
current  density  was  high  (>  2  kA/cm^)  for  this  de¬ 
vice,  due  partially  to  significant  current  spreading.  For 
a  200  pm  wide  gain-guided  device  from  ICL2,  the 
relative  reduction  of  current  spreading  lowered  the 
threshold  current  density,  and  a  higher  peak  power 
was  obtained,  as  shown  in  Fig.  3.  Also,  a  slope  ef¬ 
ficiency  as  high  as  786  mW/A  was  observed  from 
this  200  pm  wide  laser  at  100  K,  corresponding  to 
a  DEQE  of  484%  (-  21%  per  stage).  This  value 
indicates  an  average  of  ^  4.8  photons  generated  by 
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Fig.  9.  Voltage  and  peak  output  power  versus  injection  current 
for  a  mesa  stripe  (0.2  mm  x  0.53  mm)  laser  shown  in  Fig.  8 
from  ICL2  with  1  ps  pulses  at  1  kHz.  The  inset  shows  the  power 
efficiency. 


each  injected  electron,  which  is  more  than  twice  any 
value  reported  previously  [6-10].  The  peak  power, 
operating  temperature,  and  DEQE  were  limited  by 
the  maximum  current  (2  A)  of  the  HP8114A  pulser 
used  in  the  experiment. 

Using  mesa  structures  to  suppress  the  current 
spreading,  the  threshold  current  was  remarkably  re¬ 
duced  compared  with  gain-guided  devices,  as  shown 
in  Fig.  4.  However,  the  threshold  current  density  in 
the  mesa-stripe  varies  significantly  from  device  to  de¬ 
vice.  One  possible  reason  is  that  the  mesas  are  formed 
by  wet  chemical  etching  down  to  the  substrate,  yield¬ 
ing  uncontrolled  rough  surfaces  and  large  fluctuations 
in  surface  recombination.  In  devices  from  ICL2  and 
ICL3,  the  threshold  current  densities  are  much  larger 
than  the  previously  reported  value  (~  100  A/cm^) 
[7,8],  but  rise  gradually  with  increasing  temperature 
when  T  <  180  K.  This  results  in  large  characteris¬ 
tic  temperatures  To  and  may  indicate  the  dominance 
of  Shockley-Read  recombination  in  this  temperature 
range,  perhaps  due  to  high  concentrations  of  various 
material  defects  in  ICL2  and  ICL3  that  may  be  asso¬ 
ciated  with  substrate  imperfections.  When  T  ^  180  K, 
the  threshold  current  increases  rapidly  with  temper¬ 
ature,  resulting  in  a  small  To  ('^  30  K  for  ICL2  and 
^51  K  for  ICL3).  One  possible  reason  for  a  small  Tq 
is  that  the  actual  device  temperature  is  substantially 
higher  than  the  heat-sink  temperature  in  this  range 
due  to  more  joule  heating. 


Among  devices  from  ICL2,  several  1  mm  long  de¬ 
vices  were  able  to  lase  at  temperatures  up  to  210  K, 
which  is  considerably  higher  than  the  previous  record 
(182  K)  for  an  IC  laser  [8]  at  this  wavelength.  A 
100  pm  wide  and  1.03  mm  long  device  has  the  lowest 
threshold  current  density  among  them,  and  its  slope 
is  nearly  insensitive  to  temperature  from  80  to  180 
K,  as  shown  in  Fig.  5.  The  threshold  current  densi¬ 
ties  of  devices  from  ICL3  are  the  largest  in  compari¬ 
son  to  devices  from  ICLl  and  ICL2;  however,  lasers 
from  ICL3  could  be  operated  at  the  temperatures  up 
to  2 1 7  K,  the  highest  among  any  III-V  diode  lasers  at 
the  same  wavelength.  The  observed  DEQE  from  ICL3 
was  not  high  (in  contrast  to  ICL2),  probably  because 
ICL3  had  a  larger  leakage  current.  More  characteriza¬ 
tion  on  ICL3  remains  to  be  done. 

Lasers  made  from  ICL2  exhibited  a  significantly 
higher  slope  efficiency  and  peak  power.  A  slope  ef¬ 
ficiency  dP/d/  of  ~  800  mW/A  was  observed  from 
one  facet  of  a  200  pm  wide  mesa  device  at  1 10  K,  as 
shown  in  Fig.  6,  corresponding  to  a  DEQE  of  nearly 
500%  (if  the  two  facets  were  identical),  which  is 
more  than  twice  the  largest  previously  reported  value 
(214%)  [8].  While  there  were  some  fluctuations  in  the 
measurements  at  150  K  for  pulsed  operation,  the  av¬ 
erage  of  six  dP/d/  values  was  ^  740  mW/A/facet, 
and  was  nearly  unchanged  when  the  temperature  was 
raised  from  1 10  to  1 50  K.  Even  at  190  K,  this  laser  dis¬ 
played  a  slope  of  354  mW/A/facet  (DEQE-  220%). 
For  a  100  pm  wide  mesa  laser,  a  high  slope  efficiency 
dP/d/  of  735  mW/A  (DEQE-  456%)  was  also  ob¬ 
served  from  one  facet  at  150  K,  as  shown  in  Fig.  7. 
At  the  higher  temperature  of  180  K,  the  slope  effi¬ 
ciency  was  decreased,  but  was  still  as  high  as  483 
mW/A/facet  (DEQE—  300%)  in  this  laser  (its  lasing 
spectrum  is  also  shown  in  Fig.  7). 

When  a  high  peak  current  pulser  became  available, 
further  measurements  were  taken.  A  peak  output  ex¬ 
ceeding  4  W/facet  was  observed  from  a  200  pm  wide 
mesa  laser  (pumped  with  100  ns  pulses  at  1  kHz) 
at  80  K,  as  shown  in  Fig.  8.  This  represents,  to  the 
best  of  our  knowledge,  the  highest  peak  power  yet 
reported  among  mid-IR  semiconductor  diode  lasers  at 
emission  wavelengths  beyond  3  pm.  A  100  pm  wide 
mesa  laser  also  exhibited  a  peak  output  of  1.85 
W/facet  at  80  K  when  driven  with  6.5  A  current  pulses 
(100  ns  at  10  kHz).  Even  at  150  K,  a  peak  power 
as  large  as  0.73  W/facet  was  observed  at  3  A,  and 
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higher  output  power  is  still  possible  since  we  did  not 
drive  it  to  saturation  to  avoid  over  heating  the  device. 

Fig.  9  shows  cuncnt-voltagc  (I-V)  and  peak-power 
(L-I)  characteristics  of  the  200  pm  wide  mesa-stripe 
laser  (shown  in  Fig.  8)  operated  with  1  ps  pulses  at  1 
kHz.  In  comparison  to  operation  with  100  ns  pulses 
at  80  K,  the  threshold  current  did  not  change,  and  the 
slope  efficiency  was  slightly  higher  (>  700  mW/A) 
at  a  relatively  low  cuiTcnt  and  then  decreased  at  large 
currents  due  to  more  heating.  The  I-V  curves  clearly 
exhibited  the  sharp  turn-on  characteristics  of  a  laser 
diode.  The  threshold  voltage  was  9.7  V  at  80  K  and 
increased  with  the  temperature,  lower  than  the  re¬ 
ported  value  14  V)  [8]  for  a  previous  23 -stage  IC 
laser.  At  the  threshold,  the  excess  voltage  [10]  at  80  K 
was  about  30%  of  the  minimal  bias  voltage  required 
for  lasing,  indicating  that  the  applied  voltage  was 
utilized  efficiently.  The  threshold  voltage  for  other 
lasers  from  ICL2  with  different  sizes  was  found  to  be 
nearly  consistent  (9.5-1  OV  at  80  K).  The  operating 
voltage  was  increased  slowly  with  the  current  af¬ 
ter  lasing  because  of  its  small  differential  resistance 
(<  2  n).  From  the  I-V  and  L-I  curves  in  Fig.  9, 
we  obtained  the  power  (wall-plug)  efficiency  (output 
optical  power/input  electrical  power)  by  assuming 
two  identical  facets;  the  power  efficiency  is  shown  in 
the  inset  and  has  a  record-high  peak  of  ~  7%  for  the 
mid-IR  (>  3.7  pm).  This  value  is  comparable  to  or 
even  higher  than  the  best  values  obtained  in  optically 
pumped  mid-IR  lasers  [13,14]  and  intersubband  QC 
lasers  [15,16]. 

Note  that  the  power  values  reported  here  have  been 
con  ccted  only  for  the  transmission  coefficients  of  the 
collection  optics  (f/2.6)  and  not  corrected  for  beam 
divergence.  If  the  spatial  divergence  of  the  laser  beam 
were  taken  into  account,  the  actual  emitted  powers, 
DEQE  and  peak  power  efficiencies  would  be  consid¬ 
erably  higher. 

In  contrast  to  previously  reported  IC  lasers  [6,8- 
10],  most  of  our  lasers  were  able  to  operate  repeat¬ 
edly  without  suffering  from  damage  at  high  currents 
( >  10  kA/cm^).  The  threshold  current  density  is  sig¬ 
nificantly  higher  than  theoretical  predictions  [17-20] 
and  even  larger  than  the  lowest  values  reported  from 
previous  lasers.  The  possible  reasons  could  be  associ¬ 
ated  with  high  concentrations  of  defects  and  surface 
recombinations.  The  different  characteristics  of  ICLl, 
ICL2,  and  ICL3  may  be  associated  with  variations  in 


growth  conditions  and  substrate  type.  The  quality  of 
commercially  available  GaSb  substrates  is  consider¬ 
ably  less  than  that  of  GaAs  and  InP  substrates,  and 
the  variations  in  quality  could  significantly  affect  the 
growth  of  Sb-based  lasers  and  thus  their  performance. 
The  improvement  of  GaSb  substrates  and  their  polish¬ 
ing  and  cleaning  will  likely  affect  the  performance  of 
these  mid-IR  lasers. 

High  joule  heat  generated  by  large  currents  is 
detrimental  to  laser  performance  and  to  achieving  cw 
operation.  One  way  to  reduce  this  heat  is  by  making 
small-area  ridge  lasers.  In  this  regard,  appropriate 
processing  and  passivation  techniques  of  Sb-based 
heterostmeture  devices  need  to  be  developed  so  that 
leakage  current  and  losses  due  to  etched  surfaces 
can  be  minimized.  Another  way  is  to  improve  device 
heat  sinking.  The  lasers  reported  here  were  mounted 
on  a  chip  carrier  made  of  Al-alloy,  which  is  not  a 
good  heat  conductor,  especially  at  low  temperatures. 
Heat  sinking  can  be  significantly  improved  by  the 
use  of  Cu  instead  of  Al-alloy.  In  an  initial  attempt  to 
reduce  device  heating,  mesa-stripe  devices  (60-110 
pm  wide)  made  from  ICLl  were  mounted  on  a  thin 
copper  mount  attached  to  the  copper  cold  finger,  but 
again  epi-side  up.  These  devices  lased  in  cw  at  tem¬ 
peratures  up  to  the  cold-finger  temperature  of  70  K. 
Further  experimentation  with  these  and  other  devices 
is  currently  underway.  We  anticipate  that  mounting 
devices  epilayer  side  down  will  efficiently  reduce 
heat  accumulation  in  the  active  region,  making  cw 
operation  more  viable  at  elevated  temperatures. 

In  summary,  IC  lasers  were  demonstrated  with  a 
DEQE  exceeding  460%,  large  peak  power  (  >  4  W/ 
facet),  peak  power  efficiency  of  ^  7%,  and  max¬ 
imum  operating  temperature  of  217  K.  Certainly, 
these  type-II  IC  lasers  are  still  far  from  optimum. 
Considering  that  the  Sb-based  material  devices  and 
the  fabrication  techniques  have  been  much  less  in¬ 
vestigated  than  GaAs-  and  InP-based  compound 
semiconductor  systems,  these  preliminary  results  of 
IC  lasers  are  especially  stimulating.  There  are  many 
aspects  that  can  be  improved  to  significantly  advance 
IC  laser  performance.  Furthermore,  numerous  vari¬ 
ations  of  type-II  cascade  laser  structures  with  other 
materials  and  their  combinations  are  possible  [21], 
which  should  provide  flexibility  and  opportunities.  It 
is  also  relatively  straightforward  to  create  type-II  IC 
lasers  with  multicolor  capability  by  stacking  multiple 
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distinct  active  regions  in  series,  which  is  desirable  in 
many  gas-sensing  applications.  With  continued  and 
extensive  efforts  to  improve  the  laser  design,  material 
quality,  fabrication,  and  deepen  our  understanding 
of  the  underlying  physics,  Sb-based  type-II  inter¬ 
band  cascade  lasers  promise  to  meet  the  application 
requirements  in  many  areas. 
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Abstract 

Antimonide  semiconductor  lasers  for  the  mid-infrared  and  terahertz  spectral  regions  are  considered.  It  is  predicted  that 
optically  pumped  interband  type-II  lasers  will  be  advantageous  at  long  wavelengths,  out  to  2,  ~  100  pm.  In  the  mid-IR, 
antimonide  intersubband  lasers  should  have  higher  gains  and  longer  carrier  lifetimes  than  InGaAs/InAlAs  quantum  cascade 
lasers,  and  hence  have  prospects  for  room-temperature  cw  operation.  Spin-polarized  antimonide  intersubband  lasers  with 
applied  magnetic  fields  arc  projected  to  display  room-temperature  cw  emission  at  1=  16  pm.  ©  2000  Elsevier  Science  B.V. 
All  rights  rcsciwed. 

Keywords:  Optically  pumped  interband  “W”  lasers;  Antimonide  quantum  cascade  lasers;  Spin-polarized  devices 


Quantum  cascade  lasers  (QCLs)  based  on  inter¬ 
subband  transitions  in  InGaAs/InAlAs  quantum  wells 
have  operated  at  room  temperature  in  pulsed  mode 
over  a  broad  wavelength  range  between  5  and  12  pm 
[1].  The  maximum  reported  cw  operating  tempera¬ 
ture  is  175  K.  Pulsed  operation  has  been  achieved  for 
emission  out  to  X=\l  pm,  which  is  the  longest  for 
any  III-V  semiconductor  laser  [2]. 

However,  contrary  to  the  common  perception  that 
intersubband  lasers  are  the  only  viable  option  at  longer 
wavelengths,  it  will  be  seen  below  that  interband 
type-II  lasers  with  “W”  active  regions  [3]  may  in  fact 
be  advantageous  in  the  long-wavelength  limit.  Using 
optical  pumping,  cw  operation  was  recently  observed 
up  to  210  K  at  2  =  5.9  pm  and  to  Tmax  =  130  K 
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at  7.1  pm  [4].  Furthermore,  near-room-temperature 
(290  K)  cw  operation  was  demonstrated  at  3.0  pm, 
and  type-II  W  diodes  emitting  at  3.3  pm  recently 
lased  in  pulsed  mode  at  300  K  [5].  In  this  paper, 
we  theoretically  investigate  several  new  classes 
of  antimonide-based  lasers,  namely  terahertz  emit¬ 
ters  (/  >  25  pm),  quantum  cascade  lasers,  and 
“spin-polarized”  intersubband  lasers  in  a  magnetic 
field. 

At  THz  wavelengths,  optical-phonon  relaxation  in 
a  QCL  becomes  energetically  forbidden.  The  life¬ 
time  is  instead  dominated  by  non-activated  electron- 
electron  processes  that  scatter  two  upper-subband 
carriers  almost  elastically  to  the  lower  subband  with 
opposite  momentum  transfers  [6].  Hence  beyond  a 
certain  point,  decreasing  the  temperature  may  no 
longer  increase  the  gain  to  the  point  where  lasing 
can  be  achieved.  However,  Auger  processes  in  an 
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interband  laser  remain  thermally  activated  when  the 
gap  is  small,  so  that  one  can  always  attain  a  longer 
lifetime  and  more  gain  by  going  to  sufficiently  low  T . 

A  successful  THz  laser  must  also  minimize  the 
internal  loss  due  to  free-carrier  absorption,  which 
for  both  interband  and  intersubband  devices  scales 
roughly  as  in  the  long-wavelength  limit.  It  follows 
that  for  a  given  temperature,  the  threshold  carrier 
density  required  for  lasing  will  be  much  higher  than 
in  the  mid-IR.  While  the  maximum  attainable  popula¬ 
tion  inversion  in  a  THz  QCL  may  be  severely  limited 
by  electron-electron  scattering  [7],  in  the  interband 
laser  we  can  again  increase  the  injected  carrier  density 
by  lowering  the  temperature  to  lengthen  the  lifetime. 
By  employing  optical  pumping  and  thereby  eliminat¬ 
ing  the  need  for  doped  cladding  layers,  we  can  also 
remove  a  substantial  component  of  the  internal  loss. 

We  first  consider  a  type-II  W  structure  de¬ 
signed  to  emit  at  =  27  pm:  58-A  InAs/30-A 
Gao.75Ino.25Sb/5O-A  InAs/lOO-A  GaAso.25Sbo.75> 
which  is  strain  compensated  for  growth  on  an  InAs 
substrate.  The  band  structure,  wave  functions,  and  op¬ 
tical  matrix  elements  were  modeled  using  an  8-band 
finite-element  kp  algorithm.  Intervalence  transitions, 
which  usually  dominate  the  internal  loss  and  Auger 
recombination  in  type-II  lasers,  are  negligible  here 
because  the  second  hole  subband  is  240  meV  be¬ 
low  the  valence  band  maximum.  The  nonradiative 
lifetime  in  should  therefore  be  dominated  by  CCCH 
and  CHHH  Auger  processes  with  final  states  in  the 
same  subband.  Using  an  InAs  substrate  as  the  bottom 
cladding  layer  and  a  diamond  heat  sink  as  the  top 
cladding  [8],  a  7-pm -thick  active  region  results  in  an 
optical  confinement  factor  of  67%. 

At  the  calculated  threshold  carrier  density  un¬ 
der  typical  low-temperature  operating  conditions, 
second-order  perturbation  theory  for  TE-polarized 
photons  and  the  appropriate  nonparabolic  dispersion 
yields  a  net  cavity  loss  of  16  cm“^  if  the  scattering  is 
assumed  to  be  dominated  by  interface  roughness  [9]. 
However,  more  conservative  values  (nearly  twice  as 
high)  from  the  classical  Drude  expression  were  em¬ 
ployed  in  obtaining  the  present  simulation  results.  Fig. 
1  shows  calculated  pulsed  and  cw  light-light  curves 
for  the  27  pm  W  emitter  pumped  by  a  10.6  pm  CO2 
laser.  Although  pulsed  operation  is  predicted  only  up 
to  60  K  and  cw  to  35  K,  output  powers  exceeding 
100  mW  appear  feasible. 


Fig.  1 .  Calculated  pulsed  and  cw  output  powers  versus  absorbed 
pump  intensity  for  a  type-II  W  laser  emitting  at  Xq  =  27  pm. 
Results  are  shown  for  several  different  heatsink  temperatures. 

At  wavelengths  beyond  the  phonon  bands  in  the 
30-50  pm  range,  phonon-assisted  recombination  pro¬ 
cesses  involving  thermally  excited  electrons  and  holes 
in  W  lasers  must  be  taken  into  account  [10]  (an  anal¬ 
ogous  process  for  intersubband  relaxation  exists).  To 
illustrate,  we  consider  a  W  laser  designed  for  emission 
at  Xq  =  60  pm  :  72.5  A  InAs/30  A  GaSb/62.5  A  InAs  / 
65  A  AlSb,  which  is  strain-compensated  for  growth 
on  a  GaSb  substrate.  Two  InAs0.09Sb0.91  regions  sand¬ 
wich  the  active  region  to  enhance  the  optical  con¬ 
finement.  The  simulations  predict  a  maximum  pulsed 
operating  temperature  of  10  K,  which  is  limited  pri¬ 
marily  by  the  activated  phonon-assisted  process  above 
that  temperature.  At  10  K,  the  derived  carrier  lifetime 
at  the  threshold  carrier  density  of  3  x  10'^  cm“^  is 
250  ps,  which  is  far  longer  than  the  1  ps  value  that 
has  been  calculated  for  electron-electron  scattering  in 
an  intersubband  cascade  laser  [7].  It  is  estimated  that 
pulsed  lasing  at  4  K  should  be  achievable  in  W  lasers 
to  wavelengths  as  long  as  ~  100  pm.  Whereas  optical 
pumping  has  been  assumed  and  the  projected  operat¬ 
ing  temperatures  are  quite  low,  the  fundamental  lim¬ 
itations  that  impose  these  requirements  may  make  it 
even  more  difficult  for  electrically  pumped  intersub¬ 
band  structures  to  lase  at  very  long  wavelengths. 

At  somewhat  shorter  X  in  the  8-1 2- pm  atmo¬ 
spheric  window,  intersubband  cascade  lasers  may  be 
preferable  to  interband  devices.  Although  to  date 
all  QCLs  have  employed  InGaAs/InAlAs  or  GaAs/ 
AlGaAs  [11,12]  quantum  wells,  antimonide-based 
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Fig.  2.  Conduction-band  and  valcncc-band  profiles,  quantized 
energy  levels,  and  selected  wave  functions  for  one  period  of 
a  vertical-transition  InAs/AlAs(),i6Sbo,s4  QCL  (/  =  8.8  pm).  The 
applied  electric  field  is  50  kV/cm,  and  each  constituent  layer  is 
lattice  matched  to  the  InAs  substrate. 

intersubband  lasers  with  InAs  quantum  wells  may 
ultimately  yield  lower  thresholds  and  higher  cw  op¬ 
erating  temperatures.  This  is  because  a  much  smaller 
effective  mass  results  in  both  a  decreased  rate  of 
optical -phonon  emission  and  an  increase  in  the  dipole 
matrix  element  [13],  since  wider  wells  are  required  to 
achieve  the  same  intersubband  transition  energy. 

The  band  diagram  for  an  InAs/AlAsSb  quantum 
cascade  laser  designed  for  operation  at  X  —  8.8  pm  is 
shown  in  Fig.  2.  This  structure  is  based  on  a  “verti¬ 
cal”  transition,  in  which  the  initial  and  final  states  are 
confined  primarily  to  the  same  well.  The  lower  lasing 
subband  E2  empties  on  a  time  scale  of  a  few  hundred 
fs,  since  the  separation  between  E2  and  El  is  tuned 
to  one  InAs-like  optical-phonon  energy.  The  lifetime 
for  the  upper  lasing  subband  E3  is  calculated  to  be 
T3  =  1 .0  ps  when  the  strong  nonparabolicity  of  the 
conduction  band  is  taken  into  account.  A  large  dipole 
matrix  element  of  46  A  then  yields  a  pulsed  threshold 
current  density  of  only  1.2  kA/cm^  at  300  K,  which 
compares  to  the  best  results  of  >  3  kA/cm^  for  In- 
GaAs/InAlAs  QCLs  [14,15]  if  the  same  optical  loss  is 
taken  for  both  devices.  The  lower  threshold  may  lead 
to  room-temperature  cw  operation. 

From  the  fundamental  scientific  standpoint,  it  is 
interesting  to  consider  how  the  intersubband  las¬ 
ing  properties  are  altered  by  the  application  of 
a  growth-direction  magnetic  field  [16].  Since  the 


electrons  then  execute  cyclotron  orbits  in  the  plane, 
quantum  confinement  is  effectively  imposed  along  the 
other  two  axes  and  the  subbands  come  to  resemble  a 
system  of  zero-dimensional  quantum  boxes.  The  fully 
quantized  energy  levels  are  split  into  two  separate 
Landau  ladders  corresponding  approximately  to  the 
two  spin  states,  although,  strictly  speaking,  spin  is 
not  a  good  quantum  number  when  interband  mixing 
is  included. 

Since  spin  relaxation  times  [17,18]  tend  to  be  longer 
than  the  other  relevant  time  scales  for  intersubband 
lasers,  it  may  be  possible  to  selectively  create  a  pop¬ 
ulation  inversion  and  lasing  in  one  of  the  two  spin 
systems  while  the  other  remains  inert.  This  may  be 
accomplished  most  easily  in  narrow-gap  type-II  anti- 
monides,  since  the  small  electron  mass  (large  ^-factor) 
and  strong  interband  interactions  lead  to  much  larger 
energy  splittings  between  the  two  systems.  The  thresh¬ 
old  is  decreased  by  populating  only  half  the  states  in 
the  upper  subband  and  tuning  the  discrete  Landau  lev¬ 
els  so  as  to  avoid  phonon  resonances.  With  Lorentzian 
broadening  (a  line  width  of  2.5  meV),  we  estimate 
that  it  may  be  possible  to  increase  the  phonon  relax¬ 
ation  lifetime  of  the  upper  lasing  level  to  5  ps. 

The  four-well  structure  whose  spin-split  Landau 
levels  are  shown  in  Fig.  3  is  designed  for  intersub¬ 
band  optical  pumping,  although  interband  pumping 
can  also  be  envisioned  [19].  The  two  InAs  wells  on 
the  left  (in  which  wave  functions  for  the  El  and  E4 
electron  subbands  are  concentrated)  are  strongly  cou¬ 
pled,  as  are  the  two  wells  on  the  right  (containing 
E2  and  E3).  We  employ  the  numbering  convention 
described  in  Ref.  [19]  and  assume  an  applied  mag¬ 
netic  field  of  =  1 0  T.  Optical  pumping  by  a  CO2 
laser  at  2  =  1 1 .4  pm  with  an  input  beam  polarized 
linearly  along  the  growth  axis  produces  electron  in¬ 
tersubband  transitions  from  the  —1'  El  level  to  the 
—  1'  E3  level  (A«  =  0  selection  rule).  On  the  other 
hand,  the  unprimed  spin  system  is  largely  unaffected 
because  the  0  El  0  E3  transition  energy  is  out  of 
resonance  by  more  than  7  meV.  The  lasing  transition 
“L  E3  ^  —  1'  E2  is  vertical,  and  thus  has  a  large 
dipole  matrix  element  of  37  A  .  From  the  —V  E2 
Landau  level,  electrons  are  quickly  emptied  back  into 
El,  which  has  a  Landau  level  that  lies  lower  by  one 
InAs-like  optical-phonon  energy.  Note  that  neither  the 
E4  electron  states  nor  the  HI  hole  states  enter  directly 
into  the  pumping,  lasing,  or  lower-level  emptying  for 
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Distance  fA) 

Fig.  3.  Fully  quantized  Landau  levels  for  one  period  of  a 
spin-polarized  intersubband  laser  structure  designed  for  intersub¬ 
band  optical  pumping  with  an  applied  magnetic  field  of  B  =  1 0  T. 
Primed  (solid)  and  unprimed  (dashed)  levels  are  the  two  spin  sys¬ 
tems,  which  do  not  interact  in  lowest  order.  From  left  to  right,  the 
InAs  wells  have  thicknesses:  48, 1 10, 55,  and  72  A;  the  AlSb  bamer 
is  12  A,  the  Gao.7Ino.3Sb  layer  is  18.5  A,  and  the  GaAso.nSbo.s.i 
layer  is  10  A  thick.  Neighboring  periods  are  separated  by  thick 
AlSb  ban*icrs,  and  the  entire  structure  is  undoped. 

this  design.  However,  HI  provides  interband  mixing 
to  enhance  the  level  splitting  and  also  a  source  of 
thermally  generated  electrons  for  pumping  to  E3.  The 
leftmost  InAs  containing  E4  spatially  extends  the  El 
wave  function  to  enhance  its  overlap  with  the  HI  hole 
wave  function. 

A  simulation  of  the  spin-polarized  intersub¬ 
band  laser  of  Fig.  3  leads  to  the  prediction  of 
room-temperature  cw  operation  with  an  absorbed 
pump  intensity  of  8  kW/cm^  and  an  output  power  of 
up  to  1  W  at  the  lasing  wavelength  of  16  pm.  This 
far  surpasses  the  optimal  performance  of  electrically 
pumped  antimonide  or  InGaAs  QCLs  with  5  ==  0  at 
the  same  wavelength. 
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Abstract 

Mid-infrared  intersubband  light-emitting  diodes  based  on  InAs/GaSb/AlSb  type-ll  cascade  structure  have  been  investigated. 
The  observed  emission  energy  is  in  good  agreement  with  calculation  based  on  the  multi-band  k  •  p  theory.  In  contrast  to 
interband  cascade  structures,  dominant  polarization  of  the  emitted  light  is  pcipendicular  to  the  quantum  well  layers.  Structure 
dependence  of  intersubband  electroluminescence  is  also  presented.  ©  2000  Published  by  Elsevier  Science  B.V.  All  rights 
reserved. 

Keywords:  Electroluminescence;  Typc-II  IiiAs/GaSb/AlSb  cascade  stmeture;  Antimonides 


1.  Introduction 

Using  typc-I  quantum  well  (QW)  stmetures, 
high-performance  lasers  utilizing  intersubband  transi¬ 
tions  with  a  wide  spectrum  range  were  realized  [1,2]. 
The  wavelength  range  (3.4-17  pm)  covered  by  such 
lasers  includes  the  atmospheric  windows  important 
for  gas  sensing  and  environment  monitoring.  Re¬ 
cently,  high-power  continuous-wave  (CW)  operation 
5  and  ^  8  pm,~  200  mW/facet  at  80  K)  was  re¬ 
ported  with  high  quantum  efficiency  due  to  the  carrier 
recycling  called  quantum  cascading  [3,4].  However, 
so  far  no  room-temperature  CW  operation  has  been 
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reported  presumably  because  of  the  severe  sample 
heating  due  to  the  fast  polar  optical  phonon  scatter¬ 
ing.  Type-II  InAs/GalnSb  interband  cascade  lasers 
(ICL),  proposed  by  Yang  [5]  and  demonstrated  by 
Lin  et  al.  [6],  utilizes  interband  transition  to  suppress 
the  polar  optical  phonon  scattering,  while  retaining 
the  carrier  recycling  by  the  unique  band  alignment  of 
InAs/GaSb  heterojunction.  Very  recently,  ICL  with 
external  efficiency  >450%  has  been  reported  [7]. 

Recent  theoretical  appraisal  [8,9]  of  InAs/ 
GaSb/AlSb  type-II  intersubband  light  emitter  pro¬ 
posed  earlier  [10,11],  small  polar  optical  phonon 
scattering  rate  due  to  the  small  effective  mass  of  InAs 
offers  advantages  over  type-I  intersubband  light  emit¬ 
ters.  The  type-II  InAs/GaSb  structure  blocks  electrons 
injected  into  the  excited  state  in  the  InAs  QW  by 
the  adjacent  GaSb  band  gap  as  in  the  InAs/GalnSb 
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ICL,  reducing  the  leakage  current  path  present  in 
type-I  intersubband  lasers.  The  injected  electrons  can 
be  extracted  efficiently  from  the  ground  state  after 
intersubband  transition  by  interband  tunneling  through 
the  InAs/GaSb  broken  gap  heterojunction.  Also  the 
InAs/AlSb  hetcro structure  has  a  wide  range  of  tun- 
ability  of  intersubband  transition  energy  because 
of  the  larger  conduction  band  offset  (^1.35  eV) 
[12]  compared  to  that  of  the  GalnAs/AlInAs  system 
(^0.5  eV).  Theoretical  calculations  indicate  that  op¬ 
tical  gain  of  type-II  intersubband  laser  is  more  than 
50%  higher  than  that  of  type-I  [9]  and  the  calcu¬ 
lated  threshold  current  can  be  as  low  as  750A/cm^ 
at  300  K  [8].  Since  this  value  is  a  factor  of  4  lower 
than  the  theoretical  prediction  for  the  5  pm  type-I 
InGaAs/AlInAs  intersubband  lasers  [8],  it  is  a  strong 
candidate  for  achieving  room-temperature  CW  in¬ 
tersubband  laser  operation.  Recently,  we  reported 
the  first  observation  of  intersubband  electrolumines¬ 
cence  in  InAs/GaSb/AlSb  type-II  quantum  cascade 
structures  [13].  Here  we  report  the  characteristics 
of  intersubband  electroluminescence,  especially  the 
structure  dependence  of  intersubband  electrolumines¬ 
cence. 


2.  Experimental 

The  intersubband  quantum  cascade  structures  (IS- 
BQC)  were  grown  by  molecular  beam  epitaxy  system 
equipped  with  a  compound  As  cell  and  a  Sb  cracker 
cell  on  undoped  InAs  (100)  substrates.  After  growth 
of  700  nm  Si-doped  (3  x  lO'^cm"^)  n-type  InAs  as 
a  bottom  contact  layer,  10  periods  of  injector  struc¬ 
tures  and  active  layers  were  grown.  The  injector 
structure  consisted  of  digitally  graded  InAs/AlSb  su¬ 
perlattices  in  which  the  InAs  layers  were  Si-doped  to 
«  =  2  X  10'^  cm“^.  The  active  layer  consisted  of  an 
InAs/GaSb  coupled  QW  which  was  made  of  10  ML 
AlSb  barrier,  X  ML  InAs  quantum  well,  Y  ML  GaSb 
quantum  well  and  5  ML  AlSb  barrier.  To  investigate 
the  structure  dependence  of  intersubband  electrolumi¬ 
nescence,  four  samples  ((A)  =  30  ML,  7  =  25  ML 

(B)  X  =  33ML,  7  =  25ML  (C)  A  =  26  ML,  7  = 
25  ML  (D)  A  =  33  ML,  7  =  40  ML)  were  grown. 
After  growth  of  the  injector/active  layer  structures, 
200  nm  Si-doped  (3  x  lO'"^  cm“^)  InAs  layer  was 
grown  as  a  top  contact  layer. 


100  150  200  250  300  350  400  450  500 
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Fig.  1 .  Electroluminescence  spectra  at  ~  77  K  for  injection  current 
of  40  and  80  mA  (sample  (A)).  Inset;  the  integrated  electrolumi¬ 
nescence  intensity  against  injection  cun'ent. 

Grown  sample  was  processed  into  300  pm  x 
300  pm  mesa  structures  by  wet  etching  and  pho- 
tolithograpy.  Non-alloyed  Cr/Au  ohmic  contacts  were 
deposited  on  both  top  and  bottom  contact  layers. 
Sample  edge  was  then  polished  45°  wedge  for  light 
emission.  The  electroluminescence  measurement  was 
performed  with  FT-IR  spectrometer  using  lock-in  de¬ 
tection  technique  [14].  A  polarizer  was  inserted  in  the 
optical  path  to  verify  the  polarization  of  the  emission. 
Current  pulse  at  15  kHz  with  duty  cycle  of  50%  was 
used  for  electroluminescence  measurements. 

3.  Results  and  discussion 

Fig.  1  shows  the  electroluminescence  spectra  of 
sample  (A)  at  ^  77  K  under  two  different  current  bi¬ 
asing  conditions.  An  emission  peak  was  observed  at 
233  meV,  corresponding  to  the  wavelength  of  5.6  pm 
with  full-width  at  half-maximum  (FWHM)  being 
~  14  meV.  The  emission  energy  is  in  close  agreement 
with  the  transition  energy  (218  meV)  between  El  and 
E2  of  InAs  QW  calculated  using  a  multi-band  k  •  p 
theory  [15].  The  inset  of  Fig.  1  shows  the  integrated 
electroluminescence  intensity  as  a  function  of  injec¬ 
tion  current  at  ~  77  K,  where  a  linear  relationship 
was  observed,  which  is  consistent  with  a  spontaneous 
emission  process  with  a  constant  emission  energy. 


82 


K.  Ohtcmi,  H.  Ohno  f  Physica  E  7  (2000)  80-83 


100  150  200  250  300  350  400100  150  200  250  300  350  400 


Energy{meV)  Energy  (meV) 


Fig.  2.  (a).  Polarized  intersubband  electroluminescence  spectra  at 
~  77  K  for  injection  current  of  80  mA.  (b)  Polarized  interband 
electroluminincsccncc  spectra  at  ~  77  K  for  same  injection  cuiTent. 
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Fig.  3.  (a).  InAs  well  width  dependence  of  intersubband  electrolu¬ 
minescence  {X  =  30  ML  (sample  (A)),  X  =  33  ML  (sample  (B)), 
X  —  26  ML  (sample  (C))  at  77  K.  (b)  GaSb  well  width  depen¬ 
dence  of  intersubband  electroluminescence  (F  =  25  ML  (sample 
(B)),  r  =  40  ML  (sample  (D))  at  ~77  K. 


Fig.  2(a)  and  (b)  show  polarization  resolved  elec¬ 
troluminescence  spectra;  light  polarized  perpendicu¬ 
lar  or  parallel  to  the  quantum  well  layer.  As  shown 
in  Fig.  2(a),  the  spectrum  of  intersubband  cascade 
structure  (sample  (A))  is  polarized  perpendicular 
to  the  layer,  which  shows  that  the  light  emission 
is  indeed  from  the  intersubband  optical  transition. 
Fig.  2(b)  shows  the  same  measurements  of  an  in- 
terband  cascade  structure  (IBQC)  (InAs  4.8  nm  and 
GaSb  12  nm),  collected  from  45^"  wedge.  The  inten¬ 
sity  of  the  two  polarizations  was  almost  the  same  and 
is  in  sharp  contrast  to  the  intersubband  spectra.  The 
selection  rule  derived  from  the  multi-band  k  •  p  the- 
oiy  shows  that  the  polarization  characteristic  to  the 
intersubband  transition  is  preseiwed  in  a  low  band-gap 
semiconductor  such  as  InAs,  where  band  mixing  is 
appreciable,  as  long  as  the  energy  separation  of  El 
and  E2  is  small  compared  to  the  band  gap  [15,16]. 
This  was  verified  by  absorption  measurements  in 
AlSb/lnAs/AlSb  QWs  [16].  Although  the  calculation 
based  on  the  multi -band  k  •  p  theory  shows  that  the 
light  hole  component  in  El  state  of  the  InAs  well 
in  sample  A  (AlSb/InAs/GaSb/AlSb)  increases  by 
a  factor  of  2  compared  to  a  single  AlSb/InAs/AlSb 
QW,  the  ratio  of  polarization  perpendicular  to  the 
QW  layer  and  parallel  to  the  QW  layer  remains  below 
the  error  level  of  the  present  experimental  setup. 

Fig.  3(a)  and  (b)  show  the  structure  dependence 
of  intersubband  electroluminescence  spectra  under 


the  same  injection  current  (80  mA)  at  ^77  K.  The 
InAs  well  width  dependence  of  electroluminescence 
is  shown  in  Fig.  3(a).  By  decreasing  the  InAs  well 
width,  the  emission  peak  energy  shifts  to  the  higher 
energy,  because  of  the  increase  in  the  transition  en¬ 
ergy  between  the  first  excited  state  and  the  ground 
state.  On  the  other  hand,  the  GaSb  well  width  does 
not  change  the  emission  peak  energy  as  shown  in 
Fig.  3(b).  These  experimental  results  are  again  con¬ 
sistent  with  the  observed  emission  being  due  to  the 
intersubband  optical  transition  in  InAs  QW.  The 
temperature  dependence  of  intersubband  electrolumi- 
nesence  shows  that  the  emission  peak  shifts  to  lower 
energy  and  the  spectrum  becomes  slightly  broader  (by 
a  factor  of  1.5  between  ~77  and  300  K)  as  temper¬ 
ature  increases.  Typical  full-width  at  half-maximum 
(FWHM)  of  an  ISBQC  sample  at  ^  77  K  is  in  the 
range  of  15-25  meV  and  spectrum  shape  is  nearly 
symmetric,  whereas  the  IBQC  samples  show  asym¬ 
metric  and  broader  FWHM  (35-60  meV). 

4.  Conclusion 

We  have  investigated  the  electroluminescence  char¬ 
acteristics  of  type-II  InAs/GaSb/AlSb  intersubband 
light-emitting  diodes.  The  observed  emission  ener¬ 
gies  were  in  good  agreement  with  the  results  of  a 
multi-band  k  •  p  calculation.  The  spectrum  was  polar- 
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ized  perpendicular  to  QW  layer,  whereas  the  inten¬ 
sity  of  perpendicular  and  horizontal  polarization  was 
almost  the  same  for  the  interband  cascade  structures. 
This  electroluminescence  polarization  as  well  as  the 
InAs  and  GaSb  well  widths  dependence  establish  that 
the  luminescence  is  from  the  intersubband  optical  tran¬ 
sition  in  InAs  QW. 
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Abstract 

We  have  performed  band  stimcture  calculations  on  intersubband  cascade  lasers  using  interband  extraction,  based  on  type 
II  InAs/GaSb  superlattices.  The  band  structure  under  high  electric  field  biasing  was  calculated  using  four-band  k  p  theory. 
We  show  that  the  broken  gap  system  should  enable  emission  beyond  10  pm  without  leakage  of  carriers  from  the  active  well. 
Design  of  the  structures  allows  us  to  enhance  or  suppress  electric  field  tunability.  ©  2000  Elsevier  Science  B.V.  All  rights 
reserved. 

Keywords:  InAs/GaSb  superlattice;  Interband  extraction;  Tunability;  Quantum  cascade  lasers 


1.  Introduction 

There  has  been  much  progress  in  the  area  of  inter¬ 
subband  lasers  in  the  past  five  years  since  the  success¬ 
ful  development  of  the  quantum  cascade  laser  (QCL) 
[1-5].  The  typc-I  QC  laser  utilises  photon  emission 
between  subbands  in  coupled  AlInAs/GalnAs  QWs, 
in  which  each  carrier  undergoes  the  same  transition 
a  number  of  times.  However,  the  QC  laser  has  a 
high  leakage  rate  and  low  radiative  eflhciency  due 
to  non-radiative  intersubband  relaxation  via  optical 
phonon  scattering.  The  interband  cascade  laser  (ICL), 
proposed  by  Yang  [6,7]  use  the  type  II  broken  gap 
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InAs/GalnSb  system  to  overcome  fast  phonon  scat¬ 
tering  whilst  retaining  cascaded  tunnelling  injection. 

It  has  recently  been  show  that  intersubband  emis¬ 
sion  may  be  combined  with  interband  processes  for 
carrier  extraction  [8].  Ohtani  [9]  has  demonstrated  in¬ 
tersubband  electroluminescene  from  InAs/GaSb/AlSb 
type  II  structures,  grown  by  MBE. 

In  this  paper  we  explore  structures  based  only  on 
InAs/GaSb,  looking  for  ways  to  extend  the  possible 
wavelength  range  and  making  the  structures  easier  to 
grow  by  MOVPE,  by  eliminating  the  AlSb  layer. 

The  major  advantage  of  the  InAs/GaSb  system  is 
the  crossed-gap  alignment,  which  presents  a  strong 
tunnel  barrier  to  electrons  injected  into  the  excited 
state  in  the  InAs  QW,  reducing  the  leakage  current 
path  present  in  type  I  QCLs.  As  shown  in  Fig.  1 .  Las¬ 
ing  occurs  via  a  normal  intersubband  transition  within 
a  single  InAs  well,  but  the  device  utilises  interband 
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Fig.  1.  Schematic  band  diagram  of  the  InAs/GaSb-type  II  inter¬ 
subband  laser. 

coupling  to  quickly  remove  electrons  from  the  QW 
ground  state  by  annihilation  with  holes  in  the  adjacent 
GaSb  barrier. 

We  have  examined  ways  to  optimise  the  structures 
by  modelling  the  detailed  band  structure  under  high 
electric  field  biasing  by  using  four-band  k  •  p  calcula¬ 
tions  and  the  momentum  matrix  technique  [10]. 

2.  Momentum  matrix  method 

Existing  k  •  p  methods  are  restricted  to  flat  band 
edge  heterostructures,  when  modelled  using  the  matrix 
transfer  approach,  so  that  modelling  structures  with 
high  electric  fields  requires  many  separate  layers.  In 
order  to  model  cascade  structures  under  electric  field 
biasing  we  have  used  a  new  procedure  which  was  re¬ 
cently  been  developed  within  the  framework  of  the 
envelope  function  approximation  (EFA),  termed  the 
momentum  matrix  method.  The  technique  constructs 
a  matrix  that  represents  the  propagation  of  the  wave 
function  in  momentum  space  and  thus  is  ideally  suited 
for  modelling  slowly  varying  potentials  such  as  elec¬ 
tric  fields.  The  starting  point  of  the  momentum  matrix 
method  is  to  describe  the  wave  function  in  terms  of 
the  EFA.  The  Schrodinger  equation  is  simply 

H(i>{r)  =  [kMk,  +  +  k,H\ )  +  //o]<?>(r) 

=  E(p(rX  (1) 

where  the  bulk  Hamiltonian  is  separated  into  the  coef¬ 
ficients  of  L  the  momentum  operator  along  the  growth 
direction  (z),  H\M2  and  Hq. 


Instead  of  solving  Eq.  ( 1 )  is  real  space,  the  struc¬ 
ture  is  assumed  to  be  periodic.  The  k  •  p  Hamiltonian 
{Hj),  potential  (V)  and  envelope  functions  (/)  are 
periodic  in  real  space  with  the  periodicity  of  the  struc¬ 
ture  modelled,  d.  A  Fourier  expansion  of  those  func¬ 
tions  is  formed  in  terms  of  reciprocal  lattice  vectors, 


G„  =  Inn  Id 

(2a) 

V{z)  = 

(2b) 

/(z)  =  I/„e‘°"^  y  =  0,l,2,...,FF, 

(2c) 

where  n  denotes  the  /ith  Kane  state  and  FF  is  the  num¬ 
ber  of  Fourier  components  used  in  the  calculation. 

The  Fourier  equations  are  fed  into  Eq.  (1)  and  the 
resulting  Matrix  eigenvalue  equation  is 

M{q)F  =  EF,  (3) 

where  the  elements  of  eigenvector  F  are  the  Fourier 
coefficients  on  the  envelope  function  f„,  and  the  ma¬ 
trix  M{q)  is  defined 

=  (^  +  Gi){^  +  Gj)T2J-j 

+ig  +  j(G,'  +  Gj))Eji  +  Toj-i  +  V^-j. 

(4) 

The  electronic  structure  of  the  superlattice  is  derived 
by  diagonalizing  the  matrix  M{q)  at  given  k\\  and  q. 
The  eigenvalues  of  the  matrix  are  the  eigenenergies 
and  the  eorre spending  eigenvectors  are  the  Fourier 
coefficients  of  the  envelope  function. 

In  this  present  case,  the  band  structure  is  modelled 
over  four  repeats  of  the  cascade  structure  and  the  elec¬ 
tric  field  is  added  as  a  periodic  potential  to  the  en¬ 
tire  structure.  The  conduction  and  three  p-like  valence 
bands  are  included  with  higher  band  interactions  as 
correlation  terms.  Only  the  central  section  of  the  model 
can  be  studied  to  avoid  edge  effects  at  the  ends. 

3.  Interband  extraction 

The  basic  principles  of  the  device  involve  the  use 
of  superlattice  injection  followed  by  an  intersubband 
transition  from  E]  to  Eq.  The  widths  of  the  active  well 
and  extraction  barrier  are  carefully  controlled  to  ensure 
Eo  lies  above  the  GaSb  valence  band  level,  HHq.  The 
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tailored  electron  miniband  is  formed  from  a  set  of  four 
coupled  QWs  with  carefully  controlled  thicknesses. 
The  widths  are  graded  such  that  the  electron  wave 
function  at  the  bottom  of  the  miniband  has  a  high 
probability  density  in  the  active  well. 

A  population  inversion  is  maintained  between  the 
two  well  states  Ei  and  Eo,  by  the  rapid  removal  of 
electrons  from  Eq,  via  interband  extraction  to  HHq. 
The  extraction  energy  is  tailored  to  match  LO  phonon 
emission  and  further  shorten  the  lifetime  of  carriers 
in  state  Eq.  The  heavy  hole  state  then  rapidly  empties 
into  the  light  hole  barrier  state,  LHo  which  is  strongly 
coupled  to  the  tailored  electron  miniband.  The  mini¬ 
band  thus  serves  as  both  collector  and  emitter  regions 
of  the  device. 


4.  Band  structure 

The  first  structures  modelled  have  four  periods  of  a 
10-laycr  device.  Calculations  were  performed  on  three 
structures,  qcl  1,  qcl2,  and  qcl3,  shown  in  Fig.  2,  with 
the  active  well  and  barriers  thicknesses,  11 0/1 00  A, 
120/90  A,  140/90  A,  respectively.  The  wave  functions 
and  band  profile  under  0.5  V  bias  per  period  are  plotted 
in  Fig.  2a  for  the  device  qcll,  with  well  and  barrier 
widths  11 0/1 00  A. 

The  strong  wave  function  overlap  within  the  tai¬ 
lored  electron  miniband  provides  the  current  path  for 
injection  into  the  active  region  and  excited  state  Ei. 
The  intersubband  transition  occurs  between  states  E| 
and  E(),  which  have  a  strong  spatial  overlap  within  the 
active  well.  The  emission  wavelength  is  7.4  pm.  The 
calculation  shows  that  a  strong  overlap  does  exist  be¬ 
tween  the  Eo  and  HFIo  state.  The  light  hole-state  LHo 
is  also  strongly  coupled  to  the  top  of  the  tailored  elec¬ 
tron  miniband  to  recycle  the  electrons. 

Structures  qcl 2  and  qcl 3  exhibited  the  same  strong 
overlap  between  the  Eo  and  HHo  states.  The  effect 
of  widening  the  active  well  to  120  and  140  A  is  to 
lower  the  electron  confined  states,  Ej  and  Eq  and  hence 
lengthen  the  emission  wavelength.  In  order  to  retain 
the  ordering  and  strong  eoupling  the  hole  levels  were 
also  lowered  by  thinning  the  GaSb  barrier. 

The  limitations  of  this  device  lie  with  retaining  the 
barrier  to  tunnelling.  It  was  found  that  the  GaSb  bar¬ 
rier  could  only  by  thinned  to  a  minimum  width  of 


Fig.  2.  Calculation  performed  on  (a)  structure  qcll  with  well  and 
barrier  widths  110/100  A  and  (b)  structure  qcl4,  both  under  0.5 
V  bias/period. 


90  A,  before  more  than  10%  of  the  E]  wave  function 
was  found  to  propagate  through  the  barrier.  With  this 
structure  a  maximum  emission  wavelength  of  9  pm 
could  be  attained. 

In  an  attempt  to  raise  the  eleetron  ground  state  in 
the  active  well  to  access  emission  beyond  9  pm,  a 
different  structure,  qcl 4  was  modelled.  Based  on  the 
previous  design,  an  additional  thin  (5  A)  barrier  was 
inserted  into  the  centre  of  the  active  well,  to  form  a 
12-layer  device.  The  wave  functions  and  band  profiles 
of  the  structure  under  0.5  V  bias  per  period  are  plotted 
in  Fig.  2b. 

The  results  show  that  the  thin  GaSb  barrier  does 
indeed  raise  the  energy  of  the  ground  state  electrons 
in  Eo  by  approximately  50  meV  but  the  excited  state 
E|  by  only  8  meV.  The  emission  wavelength  can  then 
be  extended  beyond  10  pm. 
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Dependence  of  ennmision  Wavelength  on  applied  Bias 


Fig.  3.  The  dependence  of  emission  wavelength  on  applied  bias 
for  operational  laser  (solid  line)  and  non-operational  laser  (dotted 
line). 

5.  Laser  tunability 

The  main  advantage  of  the  broken  gap  system  in 
cascade  structures  is  the  large  barrier  to  tunnelling 
provided  by  the  GaSb  layer.  It  should  therefore  be 
possible  to  operate  the  laser  over  a  wide  range  of  bi¬ 
ases  without  substantial  leakage  of  carriers.  An  inves¬ 
tigation  into  the  tunability  of  the  four  structures  was 
carried  out. 

The  results  are  classified  as  operational  or 
non-operational  lasers.  A  number  of  criteria  were 
defined  for  a  device  to  be  classified  as  operational. 
Firstly,  there  must  be  sufficient  overlap  between  the 
wave  function  of  the  well  and  barrier  states.  A  limit 
of  60  meV  on  the  electron-hole  energy  separation 
(Ei-HHo)  was  defined  for  sufficient  interband  ex¬ 
traction.  The  excited  electron  state,  El  must  lie  at 
the  bottom  of  the  tailored  miniband  to  ensure  that  all 
carriers  are  funnelled  into  the  active  well. 

The  results  are  displayed  in  Fig.  3.  For  the  single 
well  structures  the  emission  energies  are  relatively  in¬ 
sensitive  to  bias  and  cover  the  range  6.5-9  pm.  The 
structure  containing  the  additional  thin  barrier,  qcl4, 
however,  could  operate  over  a  much  wider  range  of 
biases  producing  emission  between  8  and  12  pm.  All 
four  devices  emit  at  wavelengths  that  cover  the  atmo¬ 
spheric  window  (8-14  pm). 

Calculations  were  also  performed  on  qcl4  struc¬ 
tures  with  10  and  15  A  wide  additional  barriers,  to 


try  and  lift  the  electron  confined  states  further.  How¬ 
ever,  the  excited  and  ground  electron  states  became 
localised  on  opposite  sides  of  the  thin  barrier  and  thus 
the  spatial  overlap  between  the  states  was  reduced. 

6.  Potential  advantages 

This  structure  has  many  potential  advantages  over 
more  conventional  structures.  Firstly,  the  broken  gap 
system  allows  extraction  from  the  lower  level  directly 
into  the  adjacent  layer  without  the  need  for  conven¬ 
tional  tunnelling,  whilst  maintaining  a  large  barrier  to 
inhibit  tunnelling  from  the  upper  state.  Secondly,  it 
has  been  demonstrated  that  the  energy  levels  in  the  ac¬ 
tive  well  can  be  tailored  for  a  wide  range  of  emission 
wavelengths,  without  substantial  leakage  of  carriers 
into  the  adjacent  well. 

Finally,  the  InAs/GaSb  intersubband  laser  has  an 
additional  advantage  over  the  type  I  AlInAs/GalnAs 
intersubband  devices.  A  recent  theoretical  study  of 
Sb-based  intersubband  lasers  showed  that  the  small 
InAs  effective  mass  reduces  the  optical  phonon  relax¬ 
ation  rate  of  the  excited  state  and  also  increases  the 
oscillator  strength  of  the  intersubband  transition  [11]. 
Room-temperature  threshold  currents  five  times  lower 
than  required  for  type  I  QCLs  have  been  predicted. 
One  potential  disadvantage,  however,  is  that  interband 
absorption  from  Eq  to  HHq  across  the  InAs/GaSb  in¬ 
terface  could  also  present  a  possible  additional  loss 
mechanism  [12]. 

7.  Concluding  remarks 

We  have  presented  designs  for  an  intersubband  laser 
using  interband  carrier  extraction.  We  have  demon¬ 
strated  that  the  device  could  operate  over  a  wavelength 
range  within  the  (6-12  pm)  atmospheric  window. 
The  designs  show  significant  advantages  over  existing 
cascade  laser  structures. 
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Abstract 

We  report  on  the  first  investigation  of  intersubband  and  interminiband  transitions  in  CdS/ZnSe  multiple  quantum  wells 
and  superlattices.  The  cubic  hetero structures  with  type  II  band  alignment  were  grown  by  molecular  beam  epitaxy  on 
semi-insulating  GaAs  (001)  substrates  using  CdS  and  ZnSe  compound  sources.  The  transmission  spectra  of  n-type  doped 
CdS/ZnSe  heterostructures  recorded  in  waveguide  geometry  show  strong  absorption  lines  in  the  mid-infrared.  These  absorption 
structures  are  attributed  to  intersubband  (interminiband)  transitions  from  the  first  to  the  second  subband  (miniband).  The 
strong  absorption  is  a  direct  consequence  of  the  different  refraction  indices  of  the  GaAs  substrate  and  the  wide-gap  II-VI 
semiconductor  heterostructure.  Furthermore,  first  results  of  pump-probe  experiments  performed  on  lightly  doped  and  undoped 
multiple  quantum  wells  are  presented.  The  photoinduced  absorption  was  studied  in  dependence  on  the  laser  power.  Thereby, 
the  pump  intensity  was  varied  over  three  orders  of  magnitude.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  CdS/ZnSe  heterostructures;  Interminiband;  Photoinduced  absorption 


1.  Introduction 

In  the  last  decade  infrared  absorption  due  to  in¬ 
tersubband  and  interminiband  transitions  in  multiple 
quantum  wells  (MQWs)  and  superlattices  (SLs)  has 
attracted  much  attention  because  of  their  potential 
applications  as  infrared  detectors  and  lasers.  So  far, 
the  intersubband  (interminiband)  investigations  have 
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been  mainly  concentrated  on  Si/SiGe  (see  for  example 
Ref.  [1])  and  III-V  semiconductor  heterostructures 
(see  for  example  [2]).  Less  attention  has  been  paid 
to  intersubband  (interminiband)  transitions  in  II-VI 
structures.  To  the  best  of  our  knowledge  there  are 
only  publications  about  intersubband  transitions  in  the 
narrow-gap  II-VI  semiconductor  sytem  HgCdTe  [3]. 
We  present  in  this  work  first  results  of  intersubband 
(interminiband)  transition  investigations  on  wide-gap 
II-VI  CdS/ZnSe  quantum  films.  The  CdS/ZnSe  QWs 
have  a  type  II  band  alignment  with  a  conduction 
band  offset  of  (0.8  i  0.1)eV,  as  determined  from 
the  analysis  of  photoluminescence  data  of  undoped 
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single  quantum  wells  [4].  The  occupation  of  the  lowest 
subband  (miniband)  can  be  achieved  by  doping  or 
interband  photo-excitations  [5].  Both  CdS  as  well  as 
ZnSe  can  be  n-typc  doped  with  chlorine.  In  CdS  and 
ZnSe  free  carrier  concentrations  of  up  to  8  x  10'^  and 
1  X  lO'^cm"^  have  been  reached,  respectively  [6]. 
Therefore,  the  two-dimensional  electron  density  in  the 
CdS/ZnSe  MQWs  is  tunable  up  to  about  lO'"'  cm“^  [7]. 

2.  Experiment 

The  CdS/ZnSe  MQWs  and  SLs  were  grown 
by  molecular-beam  epitaxy  on  semi-insulating 
(001)-  oriented  GaAs  substrates  using  CdS  and  ZnSe 
compound  sources  [8].  In  all  the  samples  only  the 
CdS  QWs  are  doped  continuously  in  order  to  mini¬ 
mize  band  bending  effects.  The  sample  parameters  of 
the  investigated  MQWs  and  SLs  arc  given  in  Table  1. 
For  the  infrared  measurements  which  were  performed 
in  waveguide  geometry  by  a  Bruker  IFSl  13v  Fourier 
spectrometer  two  parallel  facets  were  prepared  at  an 
angle  a  to  the  QW  or  SL  plane.  The  different  refrac¬ 
tion  indices  in  the  middle  infrared  of  the  GaAs  sub¬ 
strate  (wciaAs  ~  3.3)  and  the  CdS/ZnSe  hetero structure 
(wcds  ~  2,3,  «znSc  ~  2.3)  lead  to  a  totally  reflected 
infrared  beam  at  the  GaAs~ZnSe  interface  for  a  ^44°. 
In  order  to  avoid  this  total  reflection  the  waveguides 
were  prepared  with  a  =  40°.  The  radiation  coupled 
into  the  samples  undergoes  approximately  one  or  two 
internal  reflections,  depending  on  the  sample  size.  In 
the  pump-probe  experiments  the  electron  occupation 
number  for  the  lowest  subband  was  changed  by  illu¬ 
mination  of  the  QWs  with  the  488  nm  (2.54  eV)  line 
of  an  Ar"*'  laser. 


3.  Results  and  discussion 

The  position  of  the  Fermi  level  even  in  the  highly 
n-doped  CdS  :  Cl/ZnSe  MQWs  is  well  below  the 
second  subband  level  Ei.  Thus  only  the  lowest  sub¬ 
band  is  occupied.  According  to  the  selection  rules 
only  the  electric  field  component  perpendicular  to 
the  layer  planes  couples  to  the  E|  — >  Ej  transition. 
Therefore,  the  ratio  of  the  transmitted  intensities  of 
p-  and  s-polarized  radiation,  where  the  elctric  field  is 
parallel  and  perpendicular  to  the  plane  of  incidence, 


energy  (meV) 


well  width  (nm) 


Fig.  1.  (a)  Transmission  spectra  of  a  highly  and  lightly  doped 
MQW  sample  which  have  the  same  nominal  well  and  barrier 
width,  (b)  The  calculated  and  measured  intersubband  transition 
energies  in  CdS  :  Cl/ZnSe  multiple  quantum  wells  as  a  function 
of  the  well  width. 


respectively,  has  a  minimum  at  the  E\  ^  E2  transi¬ 
tion  energy  E\2.  Therefore  we  plot  for  normalization 
purposes  the  ratio  Tp/Ts  as  a  function  of  fico. 

The  transmission  minima  shown  in  Fig.  la  are 
attributed  to  intersubband  transitions  from  the  first 
to  the  second  subband.  For  the  lightly  and  highly 
doped  MQWs  (sample  parameters  are  given  in 
Table  1 )  the  full-width  at  half-maximum  (FWHM)  of 
the  intersubband  absorption  line  is  16.7  and  38meV, 
respectively.  Since  in  both  samples  the  CdS  layers 
are  n-type  doped,  the  larger  FWHM  of  MQW2  can 
be  explained  by  the  higher  concentration  of  ionized 
donors  in  the  well  causing  a  shorter  phase  relaxation. 
The  energy  difference  of  about  23  meV  between  the 
absorption  peaks  of  MQWl  and  MQW2  is  proba¬ 
bly  due  to  slightly  different  actual  well  widths.  As 
expected,  the  integrated  absorption  intensities  corre¬ 
spond  to  the  two-dimensional  free  carrier  densities 
of  the  two  samples.  Fig.  lb  shows  the  calculated 
and  measured  intersubband  transition  energies  in 
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CdS  :  Cl/ZnSe  multiple  quantum  wells  as  a  function 
of  the  well  width.  The  numerical  calculations  are 
based  within  the  envelope  function  approximation 
on  the  solution  for  a  finite  square  potential  [9].  Due 
to  the  high  quantization  energies  non-parabolicity 
effects  in  the  bulk  materials  were  considered  by  using 
energy-dependent  effective  electron  masses  [10].  The 
parameters  used  in  the  calculation  are  as  follows  [4]: 
as  adjustable  parameter  the  conduction  band  offset 
A£’c;  as  fixed  parameters  for  ZnSe,  Eg  =  2.8  eV  and 
WefT  =  0.16me,  and  for  cubic  CdS  E„  =  2.5qV  and 
mcfr(CdS)  =  0.19we.  The  effective  electron  mass  of 
cubic  CdS  (0.19  ±  0.04)  Wg  has  been  determined  by 
a  combination  of  Hall  effect  and  infrared  reflectance 
measurements  on  n-type-doped  cubic  CdS-layers 
grown  on  GaAs  (001)  substrates.  Using  a  conduc¬ 
tion  band  offset  of  0.7  eV  (straight  line  in  Fig.  lb)  the 
deviation  between  theoretical  and  experimental  val¬ 
ues  becomes  smaller  than  for  AE^  —  0.8  eV  (dashed 
line  in  Fig.  lb),  the  value  previously  obtained  from 
CdS/ZnSe  single  quantum  wells  [4].  The  reason  for 
this  discrepancy  is  as  follows:  The  doped  CdS/ZnSe 
MQWs  and  SLs  investigated  here  were  grown  at  a 
substrate  temperature  around  130°  C  higher  than  the 
samples  investigated  in  Ref.  [4].  This  higher  growth 
temperature  probably  causes  some  alloying  in  the 
CdS  QWs  which  decreases  the  conduction  band  off¬ 
set.  Furthermore,  the  interface  composition  may  be 
changed  which  also  may  influence  the  offset  [11]. 
The  smaller  band  offset  in  the  samples  investigated 
here  in  comparison  to  that  grown  at  Tsub  =  120°  C  is 
indicated  by  a  blue  shift  of  the  excitonic  luminescence 
compared  to  that  of  the  samples  in  Ref.  [4]. 

Fig.  2a  shows  the  photoinduced  absorption  Tp^/Tp 
of  the  lightly  doped  CdS/ZnSe  MQWl.  Tp^  is  the 
transmission  for  the  p-polarized  infrared  beam  with 
laser  illumination.  With  increasing  pump  intensity 
tuned  from  about  7  mW/cm  to  7W/cm  the  absorp¬ 
tion  structure  becomes  stronger.  In  comparison  to  the 
intersubband  absorption  of  MQWl  without  illumina¬ 
tion,  as  shown  in  Fig.  la,  the  photoinduced  absorption 
has  the  same  line  shape  and  is  also  on  the  same  ener¬ 
getic  position.  This  means  that  in  case  of  MQWs  there 
is  no  experimental  evidence  for  excitonic  or  band 
bending  effects  in  the  investigated  density  regime. 
The  excitation-induced  absorption  was  observable 
down  to  pump  intensities  of  about  70)iW/mm^.  This 
is  a  consequence  of  (i)  the  relatively  long  life  times 


energy  ( meV ) 

380  400  420  440  460  480 


Fig.  2.  The  photoinduced  intersubband  absorption  of  (a)  MQWl 
and  (b)  MQW2  for  different  pump  intensities  at  2exc  =  488  nm. 

of  the  photo-generated  electron-hole  pairs  in  the 
type  II  heterostructure  allowing  to  reach  substantial 
densities  of  carriers  in  the  well  and  (ii)  the  different 
indices  of  refraction  causing  an  enhanced  electric 
field  component  parallel  to  the  growth  direction. 
Fig.  2b  shows  the  photoinduced  absorption  spectra 
of  the  undoped  MQWS.  Because  of  its  larger  well 
widths,  the  intersubband  absorption  in  MQW3  is 
at  a  lower  energy.  The  broader  FWHM  of  MQWS 
is  attributed  to  larger  well-width  fluctuations.  The 
strength  of  the  photoinduced  absorption  in  MQWl 
and  MQWS  is  nearly  the  same. 

In  case  of  the  superlattices  the  wave  functions  in 
the  neighboring  quantum  wells  have  considerable 
overlap  causing  the  formation  of  minibands.  Fig.  3 
shows  the  calculated  miniband  dispersion  scheme  and 
the  interminiband  absorption  of  the  CdS  :  Cl/ZnSe 
superlattice  SLl.  The  sample  parameters  are  given  in 
Table  1.  The  miniband  dispersion  for  the  electrons 
was  calculated  by  solving  the  transcendental  equation 
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Fig.  3.  The  calculated  miniband  dispersion  scheme  and  the  mea¬ 
sured  intcrminiband  absorption  spectrum  of  supcrlattice  SLl. 


Tabic  1 

Sample  parameters  of  the  investigated  multiple  quantum  wells  and 
supcrlatticcs,  where  d\-^,  and  arc  the  nominal  thicknesses 
of  the  ZnSe  barrier,  the  CdS  well  and  the  ZnSe  buffer.  M\  is  the 
nominal  free  carrier  concentration  in  the  well 


Sample 

SLl 

MQWl 

MQW2 

MQW3 

d[,  (nm) 

2.0 

30 

30 

26.0 

(nm) 

2.0 

2.0 

2.0 

3.4 

dhv  (nin) 

300 

300 

300 

300 

Mv  (10**^ cm-^) 

0.8 

0.03 

1.2 

__ 

Number  of  periods 

140 

20 

20 

20 

derived  within  the  envelope  function  approximation 
[9].  As  in  case  of  the  subband  calculations  for  MQWs 
the  non-parabolicity  of  the  CdS  and  ZnSe  conduc¬ 
tion  bands  have  also  been  taken  into  account  by 
using  an  energy-dependent  effective  electron  mass. 
Band-bending  effects  have  been  neglected.  For  the 
lowest  miniband  the  theoretical  miniband  width  is 
29meV.  The  second  miniband  overlaps  partly  with 
the  continuum  states  (see  Fig.  3).  In  agreement  with 


theoretical  expectations  [12]  the  observed  miniband 
absorption  structure  shows  a  strong  asymmetry  to 
the  high-energy  side.  The  transmission  minimum 
in  Fig.  3  is  at  395  meV  and  is  attributed  to  transi¬ 
tions  from  E\{k  =  n/d)  to  E2(k  =  n/d).  Assuming 
AEc  =  0.7eV,  the  calculated  value  is  350  meV  and 
is  in  relatively  good  agreement  to  the  experimentally 
detennined  value. 


4.  Conclusions 

It  has  been  shown  that  the  intersubband  transi¬ 
tion  energies  in  CdS  ;  Cl/ZnSe  MQWs  can  be  tuned 
from  430  to  340  me V  by  increasing  the  well  width 
from  2  to  3nm.  The  strong  intersubband  absorption 
lines  have  been  explained  by  the  different  indices  of 
refraction  of  the  GaAs  substrate  and  the  wide  band  gap 
II-VI  semiconductor  heterostructure.  In  case  of  CdS  : 
Cl/ZnSe  superlattices  a  strong  asymmetric  intermini¬ 
band  absorption  structure  has  been  observed  in  agree¬ 
ment  with  theory.  The  photoinduced  intersubband 
absorption  has  been  studied  in  dependence  on  the 
laser  pump  intensity  over  three  orders  of  magnitude. 
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Abstract 

We  present  a  theoretical  study  of  intersubband  transitions  (TST)  in  InAs/GaSb  superlattices  in  the  presence  of  a  parallel 
magnetic  field.  Starting  from  a  model  describing  a  single  electron  in  a  single  quantum  well  and  extending  it  to  include 
many-body  effects  and  the  non-parabolicity  of  the  InAs  conduction  band  we  are  able  to  explain  the  recent  cyclotron  resonance 
experiments  on  narrow  and  wide  InAs/GaSb  quantum  wells.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  InAs/GaSb;  Intersubband  transition;  Plasmon  shift;  Non-parabolicity 


1.  Introduction 

InAs/GaSb  heterostructures  have  been  the  subject 
of  many  theoretical  [1]  and  experimental  [2]  inves¬ 
tigations  for  the  past  few  decades  because  of  their 
characteristic  band  structure  in  which  the  top  of  the 
GaSb  valence  band  is  about  ISOmeV  higher  than 
the  bottom  of  the  InAs  conduction  band.  For  wide 
(>  150  A)  superlattice  periods  these  InAs/GaSb  su¬ 
perlattices  are  such  that  a  transfer  of  electrons  from 
GaSb  to  InAs  gives  rise  to  a  two-dimensional  electron 
gas  in  InAs  and  a  two-dimensional  hole  gas  in  GaSb 
without  extrinsic  doping. 
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In  this  paper  we  will  calculate  the  intersubband 
transitions  of  such  systems.  We  will  compare  our  re¬ 
sults  with  the  experiments  performed  at  the  university 
of  Oxford  [3]  on  a  wide  range  of  samples  with  well 
widths  (JV)  varying  from  100  A  to  540  A.  Magnetic 
fields  up  to  14  T  were  applied  parallel  to  the  layer  sur¬ 
faces.  These  experiments  reveal  three  general  classes 
of  behaviour  depending  on  well-width  thickness.  Dis¬ 
cussion  of  all  classes  would  bring  us  beyond  the  scope 
of  this  paper.  Hence,  we  will  compare  our  theoreti¬ 
cal  results  on  two  samples  which  exhibit  characteristic 
behaviour,  to  the  experimental  results. 

2.  Simple  model 

In  our  simple  model  the  Schrddinger  equation  de¬ 
scribing  an  electron  in  a  one-dimensional  potential 
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U{z)  in  the  presence  of  a  parallel  magnetic  field  is 
given  by 


2m  dz“  2m 


\l//,Xz)  =  E,,(k,)ikX^X 


(tlk,  +  Uyzj  +  t/(z)| 


(1) 


with  m  =  winAs  =  0.023/??^.  the  effective  mass  of  the 
electrons  in  InAs  (monsb  =  0.047/?/e),  El{z)  the  con¬ 
duction  potential  derived  from  eight-band  k  p  calcu¬ 
lations  performed  by  Poultcr  [3]  and  £'„(^y)  energy 
levels  of  the  system  depending  on  the  wave  vector 
ky  due  to  the  presence  of  a  magnetic  field  By.  The 
equation  is  solved  using  finite  element  techniques.  Al¬ 
though  the  effect  of  a  mass  mismatch  [4]  between  the 
electrons  in  GaSb  and  InAs  can  be  significant  for  QW 
structures  in  a  parallel  field  configuration  [5]  we  found 
that  it  can  be  neglected  in  the  InAs/GaSb  systems 
studied  in  this  paper. 

Knowing  the  energy  spectrum  we  calculate  the  den¬ 
sity  of  states  which  give  us  infomiation  about  the 
filling  of  the  levels.  Assuming  zero  temperature  we 
know  that  states  with  energy  higher  (lower)  than  the 
Fermi  energy  arc  empty  (filled).  At  zero  magnetic  field 
we  calculated  that  the  narrow  {W  =  30  nm)  sample 
had  two  levels  filled,  with  the  first  excited  state  be¬ 
ing  depleted  by  a  magnetic  field  of  5  =  4  T.  How¬ 
ever,  experimental  results  show  that  only  the  ground 
state  is  filled  for  all  magnetic  fields.  For  the  wide 
()PF  =  46  nm)  sample  we  find  that  the  first  excited 
state  is  depleted  at  5  =  8  T,  and  experimentally  this  is 
the  magnetic  field  at  which  the  low-energy  peak  dis¬ 
appears. 

We  assumed  that  the  1ST  at  =  0  gives  the  main 
contribution  to  the  absorption  and  supposed  that  the 
energy  difference  between  the  initial  state  and  the  final 
state  equals  the  position  of  the  absorption  peak.  These 
results  are  shown  in  the  figures  as  a  full  curve. 


3.  Many-body  effects 

Up  to  now  we  considered  only  a  single  electron. 
Due  to  the  high  density  of  the  2D  electron  gas  we 
have  to  take  into  account  many-body  effects.  The  high 
density  leads  to  a  dynamic  screening  of  electrons  giv¬ 
ing  rise  to  a  depolarisation  shift  which  shifts  the  reso¬ 
nance  peak  to  higher  energy.  To  calculate  the  shift  of 
the  intersubband  transition  we  first  have  to  calculate 


the  plasma  energy  needed  to  deduce  the  new  tran- 
sition  energy  E^j-  =  Ef^-  +£'p|.  The  plasma  energy  is 
given  by  [6]  E^^  =  2e^ncSi  fE,-  fl&  with  e=  1 5.5  the  per¬ 
mittivity  of  the  system  and  Sif  the  depolarisation  in¬ 
tegral  which  is  equal  to  Sif  = 

samples  and  for  all  transitions  we 
see  an  upshift  of  the  transition  energy  compared  to 
the  simple  model  as  expected  by  the  definition  of  the 
new  transition  energy.  The  peak  positions  calculated 
using  this  model  are  shown  by  the  dashed  curves  in  all 
figures. 


4.  Non-parabolicity 

In  our  previous  calculations  we  assumed  the  InAs 
conduction  band  to  be  parabolic  such  that  the  mass 
of  the  electrons  is  the  same  for  all  energy  levels.  But 
due  to  the  fact  that  InAs  has  a  rather  small  energy 
gap  (£*2  =  41 8  meV)  this  is  not  the  case  and  we  have 
taken  the  non-parabolicity  into  account  using  a  simple 
two  band  Kane  model  which  describes  this  effect  by 
entering  an  energy-dependent  mass  m(E)  =  mf(\  + 
2E/Eg),  in  Eq.  (1),  with  mp  =  /^inAs,  i*e.  the  mass  of 
the  electrons  in  bulk  InAs  and  E^  the  bandgap  between 
the  bulk  InAs  conduction  and  valence  band.  This 
requires  an  iterative  calculation.  We  start  by  solving 
Eq.  ( 1 )  using  m  =  mr  and  the  energy  found  is  used  to 
calculate  a  new  mass  m'.  This  mass  is  again  entered 
in  Eq.  (1)  giving  a  new  energy  an  thus  also  a  new 
mass  m" .  After  a  few  steps  both  the  mass  and  the 
energy  have  converged,  respectively,  to  a  larger  mass 
and  lower  energy.  The  difference  between  the  con¬ 
verged  energy  and  starting  energy  is  larger  for  higher 
energy  levels  and  as  such  the  difference  between 
subsequent  levels  will  decrease.  This  effect  must  be 
added  to  the  many-body  effect  and  will  most  strongly 
affect  the  theoretical  results  for  the  narrow  sample. 
The  dotted  curves  in  all  the  three  figures  show  the 
theoretical  results  for  the  three  samples  including  the 
depolarisation  shift  and  the  down  shift  due  to  the  band 
non-parabolicity. 


5.  Results 

Due  to  the  limited  space  we  will  only  discuss  the 
results  for  the  final  model  which  are  shown  as  dotted 
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Fig.  1.  Calculated  peak  positions  for  the  (a)  0  1  1ST  and  (b) 

0-^2  1ST  for  the  narrow-well  sample  and  (c)  1  —*•2  1ST  and  (d) 
0  1  1ST  for  the  wide  sample.  Results  from  the  simple  model 

(full),  including  many-body  effects  (dashed)  and  also  including 
the  band  non-parabolicity  (dotted)  are  shown.  The  dash-dotted 
curve  shows  the  results  from  the  same  model  as  the  dotted  curve 
but  taking  the  peak  position  at  the  maximum  of  the  absorption 
spectrum  instead  of  at  A.v  =  0.  The  measured  (square  symbols) 
peak  positions  are  also  shown. 


curves  in  Fig.  1(a) -(d).  The  narrow  sample  shows 
experimentally  two  peaks,  with  the  strength  of  the 
high-energy  1ST  a  few  percent  of  the  low-energy  1ST. 
Theoretically,  we  find  that  the  0  ^  2  1ST  is  about  5% 
of  the  0  ^  1  and  therefore  we  believe  that  the  exper¬ 
imental  ISTs  can  be  attributed  to  the  0  ^  1  and  0  — ^ 
2  1ST.  We  see  that  the  peak  position  of  the  0  — >  1 
1ST  (dotted  curve  in  (a))  has  about  the  same  increas¬ 
ing  trend  as  the  experimental  peak  position  but  lies 
about  15-20  meV  below  these  results.  The  0—^2  1ST 
(dotted  curve  in  (b))  shifts  only  slightly  to  higher  en¬ 
ergy  (12  meV)  compared  to  the  experimental  shift  (30 


meV)  and  furthermore  the  theoretical  peak  position 
dXB  —  ST  lies  about  20  meV  below  the  experimental 
peak  position.  These  peak  positions  were  calculated 
assuming  that  the  peak  in  the  absorption  spectra  re¬ 
sults  from  transitions  at  zero  wave  vector.  However, 
we  hence  calculated  that  the  main  contribution  to  the 
spectrum  comes  from  transitions  at  higher  (i.e.  Fermi) 
wave  vector.  Therefore,  we  have  calculated  the  total 
absorption  at  each  magnetic  field  and  then  searched  for 
the  peak  in  the  absorption  spectrum.  These  peak  po¬ 
sitions  are  shown  as  the  dash-dotted  curve  in  (b),  and 
these  peak  positions  have  a  much  higher  diamagnetic 
shift  which  is  in  good  agreement  with  the  experimen¬ 
tal  results  in  the  range  {B  =  6-12  T).  The  wide  sam¬ 
ple  shows  experimentally  two  peaks  which  exchange 
intensity  with  increasing  magnetic  field.  As  explained 
for  the  previous  sample  we  have  calculated  the  posi¬ 
tion  of  the  peak  for  the  1  ^  2  1ST  (dash-dotted  curve 
in  (c))  at  low  fields,  which  agrees  with  the  experi¬ 
ment  since  both  the  decrease  of  transition  energy  at 
B  =  ?>li  and  the  depletion  of  the  second  excited  state 
at  5  =  8  T  are  predicted  by  our  final  theory.  The  tran¬ 
sition  at  higher  fields  is  believed  to  correspond  to  an 
0  ^  1  1ST  and  the  peak  positions  resulting  from  our 
model  (dotted  curve  in  (d))  coincide  very  well  with 
the  experimental  data.  The  dash-dotted  curve  is  not 
shown  in  Fig.  1(a)  and  (d)  because  calculations  show 
that  for  the  0  ^  1  1ST  in  both  samples,  the  states  at 
kx  =  0  are  most  responsible  for  the  peak  and  thus  the 
dash-dotted  curve  would  be  not  much  different  from 
the  dotted  curve. 
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Abstract 

This  paper  concerns  self-assembled  ErAs  islands  in  GaAs  grown  by  molecular  beam  epitaxy.  The  nucleation  of  ErAs 
on  GaAs  occurs  in  an  island  growth  mode  leading  to  spontaneous  formation  of  nanometer-sized  islands.  Pump— probe 
measurements  indicate  that  the  ErAs  islands  capture  photogenerated  carriers  on  a  subpicosecond  time  scale.  This  together 
with  the  high  resitivity  of  the  material  allows  us  to  use  it  as  a  fast  photoconductor.  The  performance  of  photomixer  devices 
made  from  this  material  is  discussed.  ©  2000  Published  by  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  ErAs  islands;  Carrier  dynamics;  THz  source 


1.  Introduction 

The  sub-millimeter  wave  region  is  interesting  for 
many  applications,  such  as  molecular  spectroscopy, 
astronomy,  pollution  monitoring  and  last  but  not  least 
semiconductor  spectroscopy.  A  promising  approach 
for  the  generation  of  sub-millimeter  waves  is  pho¬ 
tomixing.  This  approach  requires  a  photoconductive 
material  with  a  response  time  in  the  subpicosecond 
range.  The  response  time  is  a  crucial  parameter  for  de¬ 
vice  design  and  performance,  and  engineering  control 
over  this  time  is  desirable.  Brown  et  al.  [1]  demon¬ 
strated  photomixer  devices  based  on  low-temperature 
grown  GaAs  (LTG-GaAs),  which  is  the  most  widely 
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used  ultrafast  photoconductor.  Subsequently,  the  use¬ 
fulness  of  these  devices  for  molecular  spectroscopy 
was  shown  [2]. 

Here  we  report  on  an  alternative  material  with  the 
desired  properties  based  on  self-assembled  ErAs  is¬ 
lands  in  GaAs.  Other  motivations  for  this  research  be¬ 
sides  the  generation  of  sub-millimeter  waves  are  to 
study  the  growth  and  the  properties  of  heterostructures 
of  very  dissimilar  materials. 


2.  Sample  structure 

A  cross-section  of  the  sample  structure  is  outlined 
schematically  in  Fig.  1 .  All  samples  are  superlattices; 
they  consist  of  equidistant  layers,  which  contain  ErAs 
islands  embedded  in  a  GaAs  matrix.  The  material  was 
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L 

Z 

GaAs  substrate 

Fig.  1.  Schematic  cross-section  of  the  sample  stiiicturc. 


grown  on  semi-insulating  (100)  GaAs  substrates  by 
molecular  beam  epitaxy  (MBE)  using  a  Varian  Gen  II 
solid  source  MBE  machine.  The  GaAs  was  grown  un¬ 
der  standard  growth  conditions.  The  ErAs  was  grown 
at  the  same  temperature  of  535°C  as  the  GaAs  matrix; 
the  ErAs  growth  rate  was  typically  0.039  monolayers 
(ML)/s.  The  nucleation  of  ErAs  on  GaAs  occurs  in  an 
island  growth  mode  (for  a  review  on  growth  of  rare 
earth  arsenides  see  for  example  Ref.  [3]),  which  re¬ 
sults  in  the  spontaneous  formation  of  nanometer-sized 
ErAs  islands.  It  is  possible  to  overgrow  the  ErAs  is¬ 
lands  with  GaAs  of  high  quality,  and  complete  recov¬ 
ery  of  the  reflection  high-energy  electron  diffraction 
(RHEED)  pattern  is  observed  after  a  few  nanometers 
of  overgrowth. 

X-ray  rocking  curves  around  the  (004)  GaAs  peak 
show  that  the  superlatticc  period  is  well  defined.  Plan 
view  transmission  electron  micrographs  show  that  the 
diameter  of  the  islands  is  between  I  and  2nm  and 
the  island  density  on  the  order  of  10’“  cm”^.  A  more 
detailed  discussion  of  the  MBE  growth  is  given  in 
Ref.  [4]. 


3.  Pump-probe  measurements 

Time-resolved  differential  reflectance  measure¬ 
ments  were  performed  on  samples  grown  under  sev¬ 
eral  different  growth  conditions.  The  experimental 
setup  is  a  pump-probe  arrangement  using  short  laser 
pulses  generated  by  a  mode-locked  Ti :  sapphire  laser. 
The  laser  pulses  arc  centered  at  wavelengths  rang¬ 
ing  from  800  to  860  nm.  They  arc  between  80  and 
140  fs  long.  The  pump  and  the  probe  pulses  arc  po¬ 
larized  orthogonally  to  each  other.  The  /S.RIR  signals 


Time  [ps] 


Fig.  2.  Results  of  pump-probe  experiments  for  three  ErAs  con¬ 
taining  samples  and  a  GaAs  reference  sample. 


are  on  the  order  of  10""^.  For  their  measurement, 
lock-in  detection  employing  an  RF  front  end  is  used. 
All  wavelengths  used  are  shorter  than  the  wavelength 
corresponding  to  the  GaAs  band  gap  of  870  nm  at 
room  temperature.  Linear  absorption  measurements 
on  similar  samples  show  that  the  position  of  the 
band  gap  is  not  affected  by  the  presence  of  the  ErAs 
islands  [5].  In  the  wavelength  range  used  in  our  ex¬ 
periments,  the  absorption  coefficient  is  approximately 
25%  higher  than  for  a  GaAs  reference  sample.  We 
estimate  that  each  pump  pulse  injects  approximately 
5  X  10^^  cm”^  carriers  into  the  GaAs  matrix. 

In  Fig.  2,  results  from  three  samples  that  contain 
ErAs-islands  and  a  GaAs  reference  sample  are  com¬ 
pared.  The  GaAs  reference  sample  is  a  1.2  pm  thick 
GaAs  film  on  a  GaAs  substrate  grown  under  the  same 
conditions  as  the  ErAs  containing  films.  All  four  sam¬ 
ples  are  grown  on  the  same  day.  The  ErAs  containing 
samples  differ  from  each  other  by  the  period  of  the 
superlattice  L  {L  —  20, 40  and  60  nm).  The  three  sam¬ 
ples  have  the  following  structures:  20  x  ( 1 .2  ML  ErAs, 
60  nm  GaAs),  40 x  (1.2  ML  ErAs,  40  nm  GaAs),  60 x 
( 1 .2  ML  ErAs,  20  nm  GaAs),  The  data  shows  that  first, 
having  the  ErAs-islands  changes  the  observed  signal 
significantly.  After  an  initial  positive  transient  the  sig¬ 
nal  returns  to  a  value  close  to  the  baseline  within  a  few 
picoseconds  in  contrast  to  the  GaAs  reference.  Second, 
the  different  periods  L  of  the  superlattice  structures 
change  both  the  magnitude  and  the  decay  time  of  this 
initial  transient  response  seen  in  all  three  ErAs  con¬ 
taining  samples.  Third,  the  IS^R/R  trace  for  the  sample 
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Fig.  3.  Time  constant  z\  of  the  initial  transient  decay  as  a  function 
of  the  superlattice  period  L. 


with  the  20  nm  period  in  Fig.  2  contains  an  additional 
negative  term. 

The  AR/R  traces  taken  at  several  different  wave¬ 
lengths  are  fit  with  either  a  single  exponential  func¬ 
tion  or  the  sum  of  two  exponential  terms  to  obtain  the 
different  time  constants  involved.  The  fits  are  started 
approximately  50  fs  after  the  pump  pulse  has  arrived 
at  the  sample.  The  time  constant  of  the  initial  decay  T[ 
shows  little  dependence  on  the  wavelengths  used  and 
also  on  ErAs  depositions  between  0.6  and  2.3  ML. 
However,  it  does  depend  strongly  on  the  period  L  of 
the  superlattice.  Fig.  3  shows  this  dependence  of  the 
time  constant  t\  on  the  superlattice  period  L.  The  data 
is  from  the  three  samples  described  before.  The  error 
bars  indicate  the  variation  of  ti  with  wavelength.  It 
can  be  seen  that  Ti  increases  in  a  superlinear  fashion 
with  Z.  A  fit  with  a  quadratic  function  is  shown  in 
Fig.  3. 

Our  interpretation  of  the  dependence  seen  in  Fig.  3 
is  as  follows.  The  carriers  are  generated  in  the  GaAs 
matrix  and  recombine  in  the  ErAs  islands  or  defects 
located  at  these  islands.  We  believe  that  the  response 
is  limited  by  the  time  the  photogenerated  carriers  need 
to  reach  the  ErAs  containing  layers  and  not  the  relax¬ 
ation  processes  at  the  capture  site.  The  quadratic  de¬ 
pendence  seen  in  Fig.  3  would  be  consistent  with  dif- 
fusional  transport.  If  the  recombination  process  at  the 
capture  site  were  the  limiting  factor,  a  linear  depen¬ 
dence  on  the  superlatticc  period  would  be  expected. 
Currently,  it  is  neither  known  why  the  relaxation  pro¬ 
cesses  at  the  capture  site  are  so  fast  nor  which  transi¬ 
tions  are  involved. 


Fig.  4.  Top  view  on  a  photomixer  device  showing  the  interdigitated 
gate  electrodes  at  the  center  of  a  spiral  antenna. 


4,  Photomixer  devices 

The  subpicosecond  response  time  together  with  the 
high  resistivity  of  the  material  allows  us  to  fabricate 
photomixer  [1]  devices  from  it.  The  purpose  of  a  pho¬ 
tomixer  is  to  generate  sub  millimeter  waves  by  hetero¬ 
dyne  conversion  at  the  difference  frequency  between 
two  laser  beams,  which  have  optical  frequencies.  A 
top  view  on  the  device  structure  is  shown  in  Fig.  4. 
On  the  surface  of  the  photoconductive  material  a  pla¬ 
nar  log-spiral  antenna  and  at  its  vortex  a  pair  of  inter¬ 
digitated  electrodes  are  fabricated.  During  device  op¬ 
eration  a  DC  bias  is  applied  to  the  interdigitated  elec¬ 
trodes  and  the  two  laser  beams  with  slightly  different 
wavelength  are  focussed  onto  the  interdigitated  elec¬ 
trodes.  The  center  wavelength  of  the  two  laser  beams 
is  typically  800  nm.  The  laser  light  generates  charge 
in  the  photoconductor  with  the  beat  frequency.  This 
results  in  a  photocurrent  with  the  same  frequency, 
which  drives  the  antenna  structure.  The  sub-mm  waves 
are  radiated  through  the  substrate  into  free  space.  In 
our  experiment  the  output  power  is  coupled  into  a  Si 
bolometer.  More  details  on  the  experimental  setup  are 
given  in  Refs.  [1,2]. 

The  material  used  for  the  devices  we  fabricated 
is  nominally  identical  to  one  of  the  samples  used 
for  pump-probe  measurements.  Its  structure  is  60  x 
(1.2  ML  ErAs,  20  nm  GaAs),  resulting  in  a  1.2  pm 
thick  active  layer.  The  response  time  as  measured  in 
pump-probe  experiments  is  120  fs.  The  metalization  is 
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device. 

fabricated  in  two  steps  by  electron  beam  and  opitcal 
lithogaphy.  The  finger  width  is  0.2  pm,  and  the  gaps 
are  1.8  pm  wide. 

Under  illumination  the  I-V  characteristic  of  the 
devices  is  S-shaped  on  a  log-log  plot.  At  interme¬ 
diate  bias  the  DC-photocurrent  /dc  follows  a  power 
law  with  exponents  around  1.8.  At  high  bias  the 
DC-photocurrent  saturates  and  at  low  bias  it  follows 
a  power  law  with  a  smaller  exponent.  The  THz  output 
power  is  expected  to  have  a  quadratic  dependence 
on  the  laser  power.  Experimentally,  we  find  power 
laws  with  somewhat  smaller  exponents  between  1.7 
and  1.8.  The  measured  characteristics  are  similar  to 
devices  made  on  LTG-GaAs  material  [6]. 

Fig.  5  shows  the  frequency  response  of  one  device 
for  two  different  laser  powers.  A  frequency  comer 
can  clearly  be  seen  at  1.7  THz.  At  higher  frequencies 
the  power  decays  with  —  1 3  dB/octave,  and  at  smaller 
frequencies  the  power  decreases  with  approximately 
-3  dB/octave.  Photomixer  theory  predicts  two  comer 
frequencies  / 1  and  f  2,  each  resulting  in  a  power  de¬ 
cay  of  -6  dB/octave  [7].  f\  is  at  1/(2tut)  where  t  is 
the  carrier  life  time,  fi  equals  l/(27i7?C)  where  C  the 
capacitance  of  the  interdigitated  electrodes  and  R  is 
the  radiation  resistance  of  the  spiral  antenna,  which  is 


72  n.  Assuming  for  our  devices  f  \—  f i  =  THz, 
yields  t  =  94  fs  and  C  =  1.3  fF.  This  value  for  t  is  in 
agreement  with  the  value  of  120  fs  from  the  pump- 
probe  measurements  considering  that  the  pump-probe 
measurement  is  close  to  its  resolution  limit.  The  value 
for  the  capacitance  is  somewhat  higher  than  what  is 
expected  for  the  interdigitated  electrodes.  We  believe 
that  the  additional  capacitance  is  due  to  the  intercon¬ 
necting  metal.  The  roll-off  with  3  dB/octave  at  fre¬ 
quencies  smaller  than  1.7  THz  is  unexpected  and  cur¬ 
rently  not  understood.  Overall  the  devices  behave  very 
close  to  expectations  and  perform  comparably  to  de¬ 
vices  made  from  LTG-GaAs. 

5.  Summary 

In  summary  we  investigated  the  MBE  growth  and 
selected  properties  of  self-assembled  ErAs  islands 
in  GaAs.  The  carrier  dynamics  were  investigated 
by  pump-probe  experiments  on  a  subpicosecond 
time  scale,  which  reveal  response  times  as  short  as 
120  fs.  Photomixer  devices  fabricated  from  this  ma¬ 
terial  show  characteristics  similar  to  devices  made 
from  LTG-GaAs.  The  device  results  confirm  that  the 
material  is  a  fast  photoconductor  with  response  times 
in  the  subpicosecond  range. 
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Abstract 

System  properties  of  focal  plane  array  (FPA)  cameras  based  on  GaAs/AlGaAs  quantum  well  infrared  photodetectors 
(QWIPs)  operating  in  the  long-wavelength  infrared  are  analyzed.  Due  to  the  limited  charge  storage  capacity  of  available 
readout  circuits,  a  small  photoconductive  gain  improves  the  noise-equivalent  temperature  difference  (NEAT)  of  the  sensor. 
We  have  demonstrated  several  camera  systems  based  on  conventional  photoconductive  QWIPs  with  NEAT  <10  mK  and 
NEAT  <  20  mK  for  FPAs  with  256  x  256  and  640  x  512  pixels,  respectively.  A  small  photoconductive  gain  is  obtained 
by  operating  the  QWIP  at  very  small  electric  fields  (<  3  kV/cm).  Finally,  we  discuss  the  possibility  of  reducing  the  NEAT 
even  further  by  using  QWIP  structures  in  which  the  photoexcited  carrier  mean  free  path  is  controlled  by  the  incorporation 
of  additional  epitaxial  layers.  We  thus  obtain  a  high  detectivity  at  very  small  signal  and  noise  currents,  which  is  useful  in 
particular  for  large  arrays  with  reduced  pixel  sizes.  In  addition,  these  detectors  are  shot-noise  limited  since  the  recombination 
noise  is  suppressed.  The  performance  of  FPA  sensors  based  on  these  detectors  will  be  addressed.  ©  2000  Elsevier  Science 
B.V.  All  rights  reserved. 

Keywords:  QWIP  camera;  Focal  plane  array;  Noise-equivalent  temperature  difference 


1.  Introduction 

Quantum  well  infrared  photodetectors  (QWIPs) 
find  increasing  attention  for  imaging  applications 
in  the  8-12  pm  long- wavelength  infrared  atmo¬ 
spheric  window.  After  the  first  demonstration  of  a 
128  X  128  focal  plane  array  (FPA)  camera  based 
on  GaAs/AlGaAs  QWIPs  [1],  a  variety  of  systems 
with  increasing  complexity  and  performance  has  been 
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developed  (see,  e.g.,  Refs.  [2,3]).  The  latest  trend 
goes  towards  two-color  systems  with  simultaneous 
detection  at  different  wavelengths  [4,5]. 

In  the  last  few  years,  we  have  demonstrated  several 
camera  systems  based  on  FPAs  comprising  QWIP  de¬ 
tector  arrays  hybridized  to  silicon  readout  integrated 
circuits  (ROIC).  Thermal  resolutions  better  than  10 
and  20  mK  were  obtained  with  256  x  256  and  640  x 
512  QWIP  FPAs,  respectively  [6-9].  In  addition  to 
the  excellent  temperature  resolution,  more  than  99.9% 
of  the  pixels  were  working  properly  without  any 
cluster  defect.  Large  GaAs-based  QWIP  FPAs  can  be 
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Fig.  1.  (a)  Camera  housing  and  optics,  (b)  Far-infrared  image  recorded  by  a  QWIP  camera  in  a  640  x  486  video  format. 


produced  on  a  stable  technological  platfonn  and  rep¬ 
resent  a  promising  approaeh  for  high-performance 
thermal  imaging.  In  our  cameras,  the  QWIP  FPA  is 
kept  at  a  standard  operation  temperature  of  65  K, 
which  is  provided  by  a  Stirling  cooler.  The  cameras 
are  operated  at  a  50  Hz  frame  rate  with  an  integration 
time  between  10  and  20  ms.  Such  a  QWIP  camera 
and  a  long-wavelength  infrared  image  are  shown  in 
Fig.  1. 

We  have  recently  developed  a  different  class  of 
QWIP  structures  where  the  capture  of  the  photoexcited 
carriers  is  controlled  by  the  incorporation  of  addi¬ 
tional  epitaxial  layers  [10].  In  these  low-noise  QWIPs, 
the  photoconductive  gain  is  drastically  reduced  while 
maintaining  a  high  detectivity.  In  addition,  these  new 
detectors  provide  the  possibility  to  suppress  the  recom¬ 
bination  noise  [11].  Both  properties  make  low-noise 
QWIPs  highly  attractive  for  applications  in  camera 
systems  operating  in  the  long-wavelength  infrared. 

In  this  paper,  we  analyze  some  system  properties 
of  thermal-imaging  cameras  and  relate  them  with  the 
specific  characteristics  of  the  detector  structure  used 
in  our  256  x  256  and  640  x  512  QWIP  cameras.  In 
particular,  we  show  that  a  small  photoconductive  gain 
is  useful  to  improve  the  noise-equivalent  temperature 
difference  (NEAT).  For  this  reason,  our  QWIP  cam¬ 
eras  are  operated  at  a  bias  voltage  below  0.3  V  in 
order  to  reduce  the  gain  for  optimized  temperature  res¬ 
olution.  This  low-bias  operation  allows  us  to  increase 
the  integration  time  while  maintaining  a  high  detec¬ 
tivity.  Finally,  we  address  the  potential  of  low-noise 
QWIPs  for  further  enhancement  of  the  temperature 
resolution  and  dynamic  range  of  far-infrared  cameras. 


taking  into  account  the  limited  charge  storage  capac¬ 
ity  of  the  ROIC. 

2.  System  considerations 

In  order  to  ealculate  the  required  responsivity  for  a 
detector  in  a  thermal -imaging  camera,  we  consider  a 
detector  of  area^^  which  is  located  behind  a  cold  shield 
with  the  / -number  /.  The  spectral  power  density  dPy 
associated  with  the  thermal  background  at  the  photon 
energy  hv  incident  on  the  detector  is  then  given  by  [12] 

A  Inhv^  dv 

4/2  +  1  c^(exp(hvlkBTB)  -  1)’ 

where  c  is  the  speed  of  light  and  Tq  the  background 
temperature. 

Let  us  assume  that  the  detector  is  sensitive  be¬ 
tween  8  and  9  pm.  The  power  Pj  within  this  spectral 
regime  at  T  =  300  K  is  obtained  as  Pi  =A/(4f^  + 
1)29  W/m2.  Values  of  Pi  obtained  for  the  pixel  ge¬ 
ometries  of  our  FPAs  are  given  in  Table  1. 

We  now  define  the  critical  responsivity  Rc  by  the 
condition  that  the  detected  photocharge  within  the  in¬ 
tegration  time  T  equals  the  storage  capacity  Qc  of 
the  readout  cell.  In  addition  to  the  case  Tq  =  300  K, 
Table  1  also  summarizes  the  Pc“Values  at  an  upper 
scene  temperature  of  45°C  (318  K),  where  Pi  is  about 
40%  higher  than  at  300  K.  Since  the  resulting  re- 
sponsivities  are  easily  achieved  with  most  detectors, 
it  is  clear  that  readout  limitation  is  an  important  issue 
for  two-dimensional  FPAs.  Additional  constrictions 
appear  if  there  is  a  significant  dark  current,  since  the 
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Table  1 

Characteristic  parameters  of  the  256  x  256  and  640  x  512  QWIP 
FPA  sensors 


Parameter 

Symbol 

256  X  256 

640  X  512 

Pitch 

40  pm 

24  pm 

Pixel  area 

A 

37  X  37  pm2 

22  X  22  pm2 

Filling  factor 

85% 

84% 

/ -number 

f 

2.0 

2.0 

Frame  rate 

50  Hz 

50  Hz 

Integration  time 

T 

<  20  ms 

<  20  ms 

Storage  capacity 

Qc 

4.5  X  10^  e 

8  X  10^  e 

Incident  power  at  300  K 

P\ 

2.3  nW 

0.82  nW 

Critical  responsivity 

300  K  scene 

Rc 

156  mA/W 

78  mA/W 

318  K  scene 

113  mA/W 

58  mA/W 

Temperature  resolution 

NEAT 

<  10  mK 

<20  mK 

system  performance  of  the  camera  usually  degrades 
more  strongly  due  to  the  extra  charging  of  the  ROIC 
by  the  dark  current  than  by  the  reduced  detectivity  of 
the  detector. 

The  noise-equivalent  temperature  difference 
(NEAT)  is  defined  as  [12]  NEAT  =  iJR{&P^ldT^\ 
where  R  is  the  responsivity  and  i^  the  noise  cur¬ 
rent.  For  the  photon  energies  considered  here,  the 
Bose-Einstein  distribution  function  in  Eq.  (1)  can  be 
approximated  by  an  exponential  dependence,  such 
that 

The  noise  current  i^  of  a  QWIP  with  N  periods  is 
given  to  a  good  approximation  by  [13] 

Here  is  the  probability  for  excited  electrons  to  be 
captured  in  a  quantum  well,  l/Np^  the  noise  gain, 
I  the  total  current,  and  A /  the  bandwidth  of  the  noise 
measurement.  In  the  case  of  a  conventional  photocon- 
ductive  QWIP,  we  have  Pc  U  such  that  Eq.  (3)  is  re¬ 
duced  to  the  conventional  [14,15]  expression  4egIA  f 
for  the  generation-recombination  noise.  The  full  equa¬ 
tion  (3)  will  be  used  in  Section  4. 

We  now  use  the  standard  expression  R  =  egglhv 
with  the  quantum  efficiency  rj  and  obtain 

mAToET  =  2ksTL[^  (4) 


for  the  detector-limited  NEAT  of  a  photoconductive 
QWIP.  Assuming  a  rectangular  gate  function  for  the 
detection  process,  A/  is  related  with  the  integration 
time  T  via  [12]  A/  =  1/2t.  In  actual  circuits,  the  band¬ 
width  A/  for  a  given  r  is  usually  larger  than  in  this 
relation,  which  results  in  a  somewhat  higher  value  of 
the  NEAT. 

Different  restrictions  apply  in  the  case  that  the  re¬ 
sponsivity  of  the  detector  exceeds  R^,  since  the  in¬ 
tegration  time  has  to  be  reduced  according  to  the 
storage  capacity  of  the  ROIC.  Assuming  a  100% 
background  limited  detection,  we  thus  obtain  in  the 
readout-limited  case 

NEATrl  -  ^ 
hv 

The  relation  NEATrl  ^  \/q/Qc  implies  that  a  re¬ 
duced  g  increases  the  effective  storage  capacity  of  the 
sensor.  In  fact,  each  detected  photon  charges  the  read¬ 
out  capacitor  by  g  electrons,  such  that  a  reduced  gain 
implies  a  reduced  number  of  noise  electrons  and  an 
improved  dynamic  range  of  the  sensor.  Small  respon- 
sivities  can  thus  be  tolerated  for  camera  applications  if 
the  gain  is  small  and  if  snapshot  capability  with  very 
short  integration  times  is  not  required. 

In  addition  to  the  limits  associated  with  the  detec¬ 
tivity  and  the  charge  storage  capacity,  the  tempera¬ 
ture  resolution  of  actual  cameras  is  also  influenced  by 
the  noise  due  to  input  amplifiers  and  analog-to-digital 
converters  (ADC).  Moreover,  cameras  are  mostly  op¬ 
erated  at  only  50-60%  of  the  full  storage  capacity  in 
order  to  maintain  a  reasonable  dynamic  range,  since 
Pi  increases  by  100%  if  T  is  raised  from  300  to  340 
K.  In  the  case  of  a  14-bit  ADC,  one  least  significant 
bit  then  corresponds  to  a  5  mK  temperature  difference, 
which  imposes  an  additional  limit  on  the  temperature 
resolution. 

For  these  reasons,  and  because  of  the  above- 
mentioned  uncertainty  in  the  relation  between  the 
bandwidth  A/  and  the  integration  time  t,  the  pre¬ 
diction  of  temperature  resolutions  for  actual  camera 
systems  is  beyond  the  scope  of  the  present  paper. 
Nevertheless,  Eqs.  (4)  and  (5)  are  useful  for  the 
purpose  of  detector  optimization  and  to  compare  the 
performance  of  specific  detector  structures. 
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BIAS  VOLTAGE  (V) 

Fig.  2.  (a)  Peak  responsivity  R,  gain  <7,  and  (b)  peak  detectivity 
Z)*  of  a  photoconductive  QWIP  versus  bias  voltage. 

3.  Photoconductive  QWIPs  for  camera  applications 

In  order  to  match  the  QWIP  to  the  ROIC, 
bound-to-quasibound  QWIPs  with  50  periods  have 
been  used  previously  [3]  since  these  devices  exhibit 
very  large  photocun-ent/darkcurrent  ratios,  resulting 
in  high  operating  temperatures.  However,  the  detec¬ 
tivity  of  these  devices  is  maximized  at  relatively  large 
eleetric  fields  where  the  photoconductive  gain  is  high. 

In  contrast,  we  have  decided  to  operate  the  QWIP  at 
very  small  electric  fields  (typically  below  3  kV/cm) 
where  the  photoconductive  gain  is  small.  Low-bias 
operation  is  possible  without  saerificing  detectivity 
for  bound-to-continuum  QWIPs  since  the  emission 
probability  saturates  at  small  fields.  In  order  to  il¬ 
lustrate  this  behavior,  we  have  plotted  in  Fig.  2  the 
responsivity,  gain  and  peak  detectivity  of  such  a 
QWIP  structure.  The  noise  current  and  gain  measure¬ 
ments  have  been  described  elsewhere  [16].  In  Fig.  2a, 
the  gain  is  strictly  proportional  to  the  peak  respon¬ 
sivity,  thus  indicating  a  saturation  of  the  emission 
probability.  The  ratio  Rig  yields  a  peak  quantum  effi¬ 


ciency  ofr]  =  3%.  The  detectivity  is  fully  developed 
already  at  100  mV  applied  bias  where  the  gain  is 
only  10%. 

About  six  times  higher  values  for  R,  rj,  and  D*  as 
compared  to  the  45°  facet  geometry  used  in  Fig.  2 
are  observed  for  devices  with  two-dimensional  grat¬ 
ing  couplers.  This  enhancement  is  caused  by  the  high 
coupling  efficiency  of  the  grating  [17]. '  It  is  there¬ 
fore  clear  from  the  previous  section  that  a  bias  voltage 
of  150-300  mV  is  sufficient  for  operating  the  QWIP 
array  in  combination  with  an  ROIC. 

In  this  way,  excellent  temperature  resolution  is  ob¬ 
tained  already  for  a  relatively  thin  active  region  of 
only  V  =  20  QWIP  periods,  thus  facilitating  detec¬ 
tor  processing.  The  process  technology  for  the  fab¬ 
rication  of  QWIP  FPAs  has  been  described  in  detail 
elsewhere  [7,9].  Fig.  3  shows  secondary  electron 
emission  micrographs  of  QWIP  arrays  as  used  in  our 
camera  systems.  The  individual  mesas  of  the  256  x 
256  array  are  defined  by  wet-chemical  etching,  with  a 
pixel  size  of  about  37  x  37  pm^.  Dry  etching  is  used 
for  the  22  x  22  pm^  mesas  of  the  640  x  512  array  in 
order  to  keep  a  high  filling  factor  (see  Table  1 ).  The 
arrays  are  covered  by  a  silicon  nitride  passivation  layer 
with  openings  in  the  center  of  each  mesa.  Here  an 
additional  bond  metallization  provides  electrical  con¬ 
tacts  for  connection  with  the  ROIC  via  indium  sol¬ 
der  bumps.  Also  visible  are  etched  two-dimensional 
diffraction  gratings,  which  have  been  covered  by  a 
mirror  metallization  before  depositing  the  passivation. 
Geometrical  parameters  of  both  FPAs  are  listed  in 
Table  1. 

4.  Low-noise  QWIPs  for  further  enhancement  of 
the  temperature  resolution 

While  Eqs.  (4)  and  (5)  are  valid  for  a  photocon- 
ductive  detector,  the  NEAT  is  further  reduced  by  a 
factor  of  \/2  in  the  case  of  a  particular  type  of  (photo¬ 
voltaic)  QWIPs,  where  /„  arises  from  shot  noise  rather 
than  from  generation-recombination  noise  [11,16]. 
The  physical  reason  for  the  improved  noise  behavior 

'  This  grating-induced  enhancement  factor  relates  to  the  case 
that  the  45°  facet  device  does  not  contain  an  additional  1  |im 
thick  GaAs  top  layer  (which  may  be  used  to  produce  the  grating). 
A  different  enhancement  factor  (about  2.5)  is  observed  if  this  top 
layer  is  present,  (see  Ref.  [17]). 
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Fig.  3.  Scanning  electron  microscope  pictures  of  detector  pixels  of  the  256  x  256  FPA  (left)  and  of  the  640  X  512  FPA  (right). 


of  these  low-noise  QWIPs  can  be  understood  from 
the  fact  that  the  photoexcited  carriers  have  a  high 
probability  (close  to  100%)  to  be  captured  into 
the  adjacent  period  of  the  detector  structure,  such  that 
the  noise  induced  by  statistical  variations  of  the  drift 
length  (‘recombination  noise’)  is  suppressed.  As  a 
consequence,  the  noise  current  of  such  a  device  is 
reduced  by  a  factor  of  >/2,  which  can  also  be  seen  by 
inserting  pc  =  1  into  Eq.  (3).  Therefore,  a  reduced 
NEAT  is  expected  to  be  obtained  by  using  low-noise 
QWIPs,  in  particular  for  large  FPA  sensors. 

The  photoconduction  mechanism  of  a  low-noise 
QWIP  is  indicated  in  the  inset  of  Fig.  4b.  Each 
period  of  the  detector  is  composed  of  four  zones 
(l)-(4)  with  different  functions.  In  the  excitation 
zone  (I),  carriers  are  optically  excited  and  emit¬ 
ted  into  the  quasi-continuum  of  the  drift  zone  (2). 
These  two  zones  are  in  analogy  to  the  barrier  and 
well  of  the  conventional  QWIP.  Moreover,  two  ad¬ 
ditional  zones  are  present  in  order  to  control  the 
relaxation  of  the  photoexcited  carriers,  namely  a 
capture  zone  (3)  and  a  tunneling  zone  (4).  The 
tunneling  zone  has  two  functions.  First,  it  blocks 
the  carriers  in  the  quasi-continuum,  such  that  they 
can  be  captured  efficiently  into  the  capture  zone. 
Second,  it  transmits  carriers  from  the  ground  state 
of  the  capture  zone  into  the  excitation  zone  of 
the  subsequent  period.  Because  of  this  layout,  the 
detector  structure  has  also  been  called  four-zone 
QWIP  [10]. 

Fig.  4  summarizes  the  detection  properties  of  a  typ¬ 
ical  low-noise  QWIP.  A  detailed  description  of  the 


BIAS  VOLTAGE  (V) 


Fig.  4.  (a)  Peak  responsivity  R,  gain  g,  and  (b)  peak  detectivity 
D*  of  a  low-noise  QWIP  versus  bias  voltage. 


20-period  device  is  given  in  Refs.  [10,18].  The  peak 
responsivity^  is  11  mA/W  at  0  V  applied  bias  and 


^In  contrast  to  previous  measurements  [10]  which  use  a  fixed 
scaling  factor  to  relate  the  responsivity  measured  at  a  wavelength 
of  9.2  pm  to  the  value  at  the  peak  wavelength,  we  have  taken 
here  into  account  the  variation  of  this  scaling  factor  with  the  bias 
voltage. 
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about  22  mA/W  in  the  range  between  —2  and  —3  V 
(see  Fig.  4a).  We  associate  the  latter  bias  region  with 
the  field  regime  where  complete  emission  of  the  pho- 
toexcited  electrons  occurs,  whereas  the  emitted  carri¬ 
ers  arc  still  captured  efficiently  [10,18].  This  results 
in  a  photocarricr  mean  free  path  of  one  period,  i.e.,  a 
photoconductivc  gain  of  1/A  =  0.05.  This  interpreta¬ 
tion  is  further  supported  by  the  behavior  of  the  noise 
current  /‘n.  As  indicated  in  Fig.  4a,  a  gain  of  5%  is  ob¬ 
tained  from  noise  measurements  [11,16]  via  Eq.  (3). 
From  these  data  we  calculate  an  internal  peak  quan¬ 
tum  efficiency  of  r(  =  7%. 

The  bias  dependence  of  the  detectivity  obtained 
from  the  measured  responsivity  and  noise  current  is 
shown  in  Fig.  4b,  The  detectivity  has  its  maximum  at 
around  -0.8  V.  About  70%  of  this  value  is  still  ob¬ 
tained  at  0  V  (photovoltaic  operation).  The  detectiv¬ 
ity  strongly  depends  on  the  sign  of  the  bias  voltage 
due  to  the  asymmetric  nature  of  the  transport  process. 
This  behavior  is  in  strong  contrast  to  that  of  a  conven¬ 
tional  QWIP  where  the  detectivity  vanishes  at  0  V  (see 
Fig.  2). 

Let  us  now  address  the  potential  of  these  low-noise 
QWIPs  in  the  context  of  detector  arrays.  Again,  about 
six  times  higher  quantum  efficiencies  as  compared  to 
the  present  test  device  are  expected  for  devices  with 
grating  coupler  [1 7].  A  responsivity  of  about  0.1  A/W 
is  therefore  expected  for  a  low-noise  QWIP  FPA.  Ac¬ 
cording  to  Table  1 ,  this  value  is  quite  suitable  for  mul¬ 
tiplexers. 

Fig.  5  shows  peak  detectivities  of  both  conven¬ 
tional  and  low-noise  QWIP  structures  as  a  function 
of  the  cutoff  wavelength.  A  good  description  of  the 
functional  dependence  is  obtained  within  a  thermionic 
emission  model  (dashed  line).  The  low-noise  QWIPs 
show  similar  detectivities  as  the  conventional  ones. 
Since  these  detectivities  arc  limited  by  the  dark 
current  and  not  by  the  background  photocurrent,  the 
improvement  due  to  the  suppression  of  the  recombi¬ 
nation  noise  is  not  prominent  in  Fig.  5.  In  fact,  the 
low-noise  QWIPs  were  grown  with  much  higher  car¬ 
rier  densities  than  the  conventional  QWIPs  (4  x  10'^ 
and  1  X  10”  cm““  per  QW,  respectively),  which 
results  in  a  decrease  of  the  activation  energy.  In  ad¬ 
dition,  the  spectral  line  width  of  the  responsivity  in 
low-noise  QWIPs  is  typically  10-20%  larger  than  for 
the  conventional  QWIPs,  such  that  the  peak  detectiv¬ 
ity  is  reduced  correspondingly.  However,  in  contrast 


8.6  8.8  9.0  9.2  9.4 


CUTOFF  WAVELENGTH  (pm) 

Fig.  5.  Peak  detectivity  of  low-noise  QWIPs  and  conventional 
QWIPs  at  77  K  versus  cutoff  wavelength. 

to  the  dark  detectivities  of  Fig.  5,  the  suppression  of 
the  recombination  noise  does  have  an  influence  on  the 
background-limited  detectivity  which  determines  the 
temperature  resolution  of  a  camera.  In  fact,  prelimi¬ 
nary  measurements  indicate  a  temperature  resolution 
of  7.2  mK  for  a  256  x  256  QWIP  camera  prototype 
comprising  a  low-noise  QWIP  FPA. 


5.  Conclusion 

System  considerations  concerning  focal  plane  array 
sensors  for  the  long-wavelength  infrared  indicate  that 
readout-limited  detection  is  obtained  at  responsivities 
above  0. 1-0.2  A/W  at  20  ms  integration  time.  In  this 
case,  the  temperature  resolution  and  the  dynamical 
range  of  the  sensor  only  depends  on  the  noise  perfor¬ 
mance.  We  have  therefore  optimized  photoconductive 
GaAs/AlGaAs  QWIP  structures  for  low-bias  opera¬ 
tion,  which  results  in  a  small  photoconductive  gain 
and  an  accordingly  reduced  noise.  Excellent  tempera¬ 
ture  resolutions  of  better  than  10  and  20  mK  have  been 
obtained  in  this  way  for  256  x  256  and  640  x  512 
infrared  sensors  based  on  QWIP  FPAs. 

Further  improvement  of  the  temperature  resolution 
is  achievable  using  low-noise  QWIPs.  In  addition  to 
the  doped  quantum  well  and  the  thermionic  barrier, 
which  are  also  present  in  the  conventional  QWIP,  each 
period  of  this  novel  device  contains  a  capture  zone 
followed  by  a  tunneling  barrier.  In  this  way,  the  cap¬ 
ture  process  can  be  controlled,  giving  rise  to  a  small 
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photoconductive  gain  and  to  a  suppression  of  the  re¬ 
combination  noise.  Using  this  detector,  an  improved 
thermal  resolution  can  be  obtained  in  particular  in  the 
case  of  large  FPA  sensors  with  limited  charge  storage 
capacity. 
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Abstract 

One  of  the  simplest  device  realizations  of  the  classic  particle-in-the-box  problem  of  basic  quantum  mechanics  is  the 
quantum  well  infrared  photodetector  (QWIP).  In  this  paper  we  discuss  the  optimization  of  the  detector  design,  material 
growth  and  processing  that  has  culminated  in  realization  of  large  format  long- wavelength  QWIP  cameras,  holding  forth 
great  promise  for  many  applications  in  6-25  pm  wavelength  range  in  science,  medicine,  defense  and  industry.  In  addition, 
we  present  the  recent  developments  in  long-wavelength/very  long-wavelength  dualband  QWIP  imaging  camera  for  various 
applications,  (c)  2000  Published  by  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Infrared  photodetector;  Detectors;  Multi-color  camera;  Arrays 


1.  640  X  486  Long-wavelength  QWIP  camera 

In  order  to  detect  long-wavelength  infrared 
(LWIR)  radiation  we  have  designed  the  following 
multi-quantum  well  (MQW)  structure.  Each  period  of 
the  MQW  structure  consists  of  a  45  A  well  of  GaAs 
(doped  «  =  4  X  lO’^cm"^)  and  a  500  A  barrier  of 
Al().3Gao.7As.  Stacking  many  identical  quantum  wells 
(typically  50)  together  increases  photon  absorption. 
This  photosensitive  MQW  structure  is  sandwiched 
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between  0.5  pm  GaAs  top  and  bottom  contact  layers 
doped  n  =  5  x  10^^  cm“^,  grown  on  a  semi-insulating 
GaAs  substrate  by  molecular  beam  epitaxy  (MBE). 
Then  a  0.7pm  thick  GaAs  cap  layer  on  top  of  a  300  A 
Alo.3Gao.7As  stop-etch  layer  was  grown  in  situ  on  top 
of  the  device  structure  to  fabricate  the  light  coupling 
optical  cavity. 

The  responsivity  spectrum  is  shown  in  Fig.  1.  The 
responsivity  of  the  detector  peaks  at  8.5  pm  and  the 
peak  responsivity  (7?p)  of  the  detector  is  300  mA/W 
at  bias  Fb  =  —  3  V.  The  spectral  width  and  the  cutoff 
wavelength  are  A2/2.  =  10%  and  Ac  =  8.9  pm,  respec¬ 
tively.  The  peak  quantum  efficiency  was  6.9%  at  bias 
Fq  =  -1  V  for  a  45°  double  pass.  The  lower  quan¬ 
tum  efficiency  is  due  to  the  lower  well  doping  density 
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Fig.  1.  Responsivity  spectrum  of  a  bound-to-quasibound  LWIR 
QWIP  test  structure  at  temperature  T  =  77  K.  The  spectral  re¬ 
sponse  peak  is  at  8.4  pm  and  the  long  wavelength  cutoff  is  at 
8.9  pm. 

(5  X  10’^  cm“^)  as  it  is  necessary  to  suppress  the  dark 
current  at  the  highest  possible  operating  temperature 
[1]. 

After  the  2-D  grating  array  was  defined  by  the  pho¬ 
tolithography  and  dry  etching,  the  photoconductive 
QWIPs  of  the  640  x  486  focal  plane  arrays  (FPAs) 
were  fabricated  by  wet  chemical  etching  through  the 
photosensitive  GaAs/AlvGai^.vAs  MQW  layers  into 
the  0.5  pm  thick  doped  GaAs  bottom  contact  layer. 
The  pitch  of  the  FPA  is  25  pm  and  the  actual  pixel 
size  is  18x18  pm^.  The  cross  gratings  on  top  of 
the  detectors  were  then  covered  with  Au/Ge  and  Au 
for  Ohmic  contact  and  reflection.  A  single  QWIP 
FPA  was  chosen  and  hybridized  to  a  640  x  486 
direct  injection  silicon  readout  multiplexer  and  bi¬ 
ased  at  Kb  =  -2.0  V.  The  FPA  was  back-illuminated 
through  the  flat  thinned  substrate  membrane  (thick¬ 
ness  1300  A).  This  thinned  GaAs  FPA  membrane 
has  completely  eliminated  the  thermal  mismatch  be¬ 
tween  the  silicon  CMOS  readout  multiplexer  and 
the  GaAs-based  QWIP  FPA.  Basically,  the  thinned 
GaAs  based  QWIP  FPA  membrane  adapts  to  the 
thermal  expansion  and  contraction  coefficients  of  the 
silicon  readout  multiplexer.  Therefore,  this  thinning 
has  played  an  extremely  important  role  in  the  fab¬ 
rication  of  large  area  FPA  hybrids.  In  addition,  this 
thinning  has  completely  eliminated  the  pixel-to-pixel 


Fig.  2.  This  picture  was  taken  in  the  night  (around  midnight) 
and  it  clearly  shows  where  automobiles  were  parked  during  the 
day  time.  This  image  demonstrates  the  high  sensitivity  of  the 
640  X  486  long-wavelength  QWIP  staring  array  camera. 

optical  cross-talk  of  the  FPA.  This  initial  array  gave 
excellent  images  with  99.9%  of  the  pixels  working, 
demonstrating  the  high  yield  of  GaAs  technology. 

A  640  X  486  QWIP  FPA  hybrid  was  mounted  onto 
a  84-pin  lead-less  chip  carrier  and  installed  into  a  lab¬ 
oratory  dewar  which  is  cooled  by  liquid  nitrogen  to 
demonstrate  a  LWIR  imaging  camera  [2].  The  exper¬ 
imentally  measured  mean  noise  equivalent  tempera¬ 
ture  difference  (NEAT)  of  the  QWIP  camera  is  36 
mK  at  an  operating  temperature  of  T  =  70  K  and  bias 
Kb  =  — 2  V  at  300  K  background.  This  agrees  reason¬ 
ably  with  our  estimated  value  of  25  mK  based  on  sin¬ 
gle  element  test  structure  data.  The  uncorrected  NEAT 
non-uniformity  of  the  640  x  486  FPA  is  about  5.6% 
(=  sigma/mean). 

Video  images  were  taken  at  a  frame  rate  of  30  Hz 
at  temperatures  as  high  as  T  =  70  K  using  a  readout 
circuit  (ROC)  capacitor  having  a  charge  capacity  of 
9x10^  electrons.  The  non-uniformity  after  two-point 
(n""  and  27° C)  correction  improves  to  an  impressive 
0.03%.  Fig.  2  shows  a  frame  of  video  image  taken 
with  this  long-wavelength  640  x  486  QWIP  camera. 
This  image  demonstrates  the  high  sensitivity  of  the 
640  X  486  long-wavelength  QWIP  staring  array  cam¬ 
era  [2].  As  mentioned  earlier,  this  high  yield  is  due  to 
the  excellent  GaAs  growth  uniformity  and  the  mature 
GaAs  processing  technology. 
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2.  640  X  486  Long-wavelength  dualband  imaging 
camera 

The  LWIR  and  very  long-wavelength  infrared  (VL- 
WIR)  dualband  QWIP  device  stmeture  described  in 
this  section  processed  into  interlace  simultaneously 
readable  dualband  FPAs  (i.e.,  odd  rows  for  one  color 
and  the  even  rows  for  the  other  color)  [3]. 

The  device  structure  consists  of  a  30  periods  stack, 
of  VLWIR  QWIP  structure  and  a  second  18  peri¬ 
ods  stack  of  LWIR  QWIP  structure  separated  by  a 
heavily  doped  0.5  pm  thick  intermediate  GaAs  con¬ 
tact  layer.  The  first  stack  (VLWIR)  consists  of  30 

o  o 

periods  of  a  500  A  Al.vGai_.vAs  banicr  and  a  60  A 
GaAs  well.  Since  the  dark  current  of  this  device  struc¬ 
ture  is  dominated  by  the  longer  wavelength  portion 
of  the  device  structure,  the  VLWIR  QWIP  structure 
has  been  designed  to  have  a  bound-to-quasibound  in¬ 
tersubband  absorption  [1]  peak  at  14.5  pm.  The  sec¬ 
ond  stack  (LWIR)  consists  of  18  periods  of  a  500  A 
AlvGai_vAs  barrier  and  a  naiTow  40  A  GaAs  well. 
This  LWIR  QWIP  structure  has  been  designed  to  have 
a  bound-to-continuum  intersubband  absorption  peak 
at  8.5  pm,  since  photocun'cnt  and  dark  current  of  the 
LWIR  device  structure  is  relatively  small  compared 
to  the  VLWIR  portion  of  the  device  structure.  This 
whole  dualband  QWIP  structure  is  then  sandwiched 
between  0.5  pm  GaAs  top  and  bottom  contact  layers 
doped  with  fi  =  5  X  10'^ cm”^,  and  has  been  grown 
on  a  semi-insulating  GaAs  substrate  by  MBE.  Then 
a  300  A  AlojGaojAs  stop-etch  layer  and  a  1.0  pm 
thick  GaAs  cap  layer  were  grown  in  situ  on  top  of  the 
device  structure.  GaAs  wells  of  the  LWIR  and  VL¬ 
WIR  stacks  were  doped  with  n  =  6  x  10'^  and  2.5  x 
10’^  cm“'^,  respectively.  All  contact  layers  were  doped 
to  /?  =  5  X  10’^  cm”^.  The  GaAs  well  doping  density 
of  the  LWIR  stack  was  intentionally  increased  by  a 
factor  of  two  to  compensate  for  the  reduced  number 
of  quantum  wells  in  the  LWIR  stack  [3].  It  is  worth 
noting  that,  the  total  (dark  current  +  photocurrent) 
current  of  each  stack  can  be  independently  controlled 
by  carefully  designing  the  position  of  the  upper  state, 
well  doping  densities,  and  the  number  of  periods  in 
each  MQW  stack.  All  of  these  features  were  utilized 
to  obtained  approximately  equal  total  currents  from 
each  MQW  stack. 

Simultaneously  measured  responsivity  spectrums  of 
these  vertically  integrated  dualband  QWIPs  are  shown 
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Fig.  3.  Simultaneously  measured  responsivity  spectrum  of  verti¬ 
cally  integrated  LWIR  and  VLWIR  dualband  QWIP  detector. 

in  Fig.  3.  Based  on  single  element  test  detector  data, 
the  LWIR  detectors  show  BLIP  at  bias  Fb  =  —  2  V  and 
temperature  T  =  72  K  for  a  300  K  background  with 
//2  cold  stop.  The  VLWIR  detectors  show  BLIP  un¬ 
der  the  same  operating  conditions  at  45  K  operating 
temperature  [3].  Two  different  2-D  periodic  grating 
structures  were  designed  to  independently  couple  the 
8-9  and  14-15  pm  radiation  into  detector  pixels  in 
even  and  odd  rows  of  the  FPAs.  The  FPA  fabrication 
process  is  described  elsewhere  [3]. 

These  dualband  FPAs  were  tested  at  a  background 
temperature  of  300  K,  with  / /2  cold  stop,  and  at  30 
Hz  frame  rate.  As  expected  (due  to  BLIP),  the  esti¬ 
mated  and  experimentally  obtained  NEAT  values  of 
the  LWIR  detectors  do  not  change  significantly  at  tem¬ 
peratures  below  65  K.  The  estimated  NEAT  of  LWIR 
and  VLWIR  detectors  at  40  K  are  36  and  44  mK,  re¬ 
spectively  (see  Fig.  4).  These  estimated  NEAT  val¬ 
ues  based  on  the  test  detector  data  agree  reasonably 
well  with  the  experimentally  obtained  values.  The  ex¬ 
perimental  LWIR  NEAT  value  is  lower  than  the  es¬ 
timated  NEAT  value  of  36  mK.  This  improvement  is 
attributed  to  the  2-D  periodic  grating  light  coupling  ef¬ 
ficiency.  On  the  other  hand,  the  experimental  VLWIR 
NEAT  value  is  higher  than  the  estimated  NEAT  value 
of  44  mK.  The  authors  believe  this  degradation  is  due 
to  the  inefficient  light  coupling  at  14-15  pm  region, 
readout  multiplexer  noise,  and  noise  of  the  proximity 
electronics.  At  40  K  the  performance  of  both  LWIR 
and  VLWIR  detector  pixels  of  this  dualband  FPA  are 
limited  by  photocurrent  noise  and  readout  noise. 
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Fig.  4.  The  uncorrected  noise  equivalent  temperature  difference  (NEAT)  histogram  of  8-9  pm  detector  pixels  of  the  640  x  486  dualband 
FPA.  The  mean  NEAT  is  29 mK.  The  uncorrected  noise  equivalent  temperature  difference  (NEAT)  histogram  of  14-15  pm  detector  pixels 
of  the  640  X  486  dualband  FPA.  The  mean  NEAT  is  74  mK. 


Fig.  5.  Both  pictures  show  (Flame  -  simultaneously  acquired) 
two-color  images  with  the  640  x  486  two-color  QWIP  camera. 
Image  on  the  left  is  from  14-15  pm  infrared  and  the  image  on  the 
right  is  from  8-9  pm  infrared.  Pixel  pitch  of  the  FPA  is  25  pm. 
The  14-15  pm  image  is  less  sharp  due  to  the  diffraction  limited 
spot  size  being  larger  than  the  pixel  pitch  of  the  FPA. 


ously  acquired  8-9  and  14-15  jam  images  using  this 
two-color  camera  [3]. 

3.  Summary 

In  summary,  we  have  demonstrated  648  x  486 
LWIR  imaging  camera,  and  the  first  640  x  486 
LWIR/VLWIR  dualband  imaging  camera. 
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Video  images  were  taken  at  a  frame  rate  of  30  Hz, 
at  temperatures  as  high  as  T  =  74  K,  using  a  ROC 
capacitor  having  a  charge  capacity  of  9  x  10^  elec¬ 
trons  (the  maximum  number  of  photoelectrons  and 
dark  electrons  that  can  be  counted  in  the  time  taken 
to  read  each  detector  pixel).  Fig.  5  shows  simultane- 
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Abstract 

Corrugated  QWIPs  are  sensitive  to  only  one  polarization  of  light.  We  used  two  C-QWIPs  with  their  corrugations  oriented 
in  orthogonal  directions  for  polarization-sensitive  detection.  By  measuring  the  photocurrent  ratio  from  these  two  detectors, 
the  polarization-state  of  the  radiation  rather  than  its  intensity  can  be  sensed;  the  detection  is  usefiil  in  scenes  with  extremely 
small  or  large  intensity  contrast.  Using  C-QWIPs  for  detector  characterization,  we  obtained  the  intensity  decay  function  of 
light  propagating  nearly  parallel  to  the  layers,  with  which  the  absorption  coefficient  can  be  measured.  New  C-QWIPs  have 
been  designed  to  improve  the  detector  performance.  In  one  approach,  additional  vertical  trenches  are  etched  into  C-QWIP 
structures.  In  another  approach,  the  entire  corrugated  area  is  covered  with  a  conformal  dielectric  and  a  metal.  Both  approaches 
prove  effective.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keyword.s:  Infrared  detector;  Light  coupling;  Polarization-sensitive  detection 


In  certain  circumstances,  the  utility  of  infrared 
imaging  is  limited  by  the  low  thermal  contrast.  On 
the  other  hand,  the  polarization  of  thermal  radiation 
can  have  high  contrast,  depending  on  the  nature  of  the 
target  and  the  background.  The  use  of  IR  detectors, 
which  can  capture  both  polarization  and  intensity 
data,  will  lead  to  significant  improvement  in  target 
recognition  functions. 

Since  C-QWIPs  with  linear  corrugations  are  sen¬ 
sitive  to  only  one  polarization,  detectors  with  differ¬ 
ent  corrugation  orientations  can  be  used  to  detect  both 
the  intensity  and  the  polarization  of  a  radiation  [1]. 

*  CoiTCsponding  author.  Tel.:  -1-1-301-394-0495;  fax:  4-1-301- 
394-1746. 

E-mail  address:  kchoi@arl.mil  (K.K.  Choi) 


Fig.  1  shows  the  photocurrent  of  three  C-QWIPs 
oriented  at  90°  (detector  A),  0  (detector  B)  and  45 
(detector  C)  as  a  function  of  the  polarization  angle  0 
relative  to  the  [011]  axis.  As  expected,  the  signal  from 
detectors  A  and  B  is  90°  out  of  phase.  If  we  take  the 
photocurrent  ratio  r  =  /a/*^b  from  these  two  detectors, 
it  is  maximized  at  0  =  0°  and  decreases  toward  ±90 
as  shown  in  Fig.  1(b).  This  ratio  is  independent  of  the 
target  intensity,  as  the  figure  shows,  for  two  blackbody 
temperatures.  Therefore,  from  the  value  of  r,  one  can 
determine  the  angle  0.  However,  when  the  radiation 
is  only  partially  polarized,  the  ratio  r  depends  on  the 
degree  of  polarization  as  well  as  0  of  the  polarized 
component.  Nevertheless,  the  r  contrast  remains  finite 
as  long  as  there  is  a  certain  degree  of  polarization.  It 
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Fig.  1.  (a)  Photoresponse  of  C-QWIPs  with  orientation  at  90° 
(A),  0°  (B),  and  45°  (C),  as  a  function  of  polarization  angle,  (b) 
The  ratio  of  photocurrent  from  detectors  A  and  B. 


can  be  used  in  target  recognition  functions  that  do  not 
require  complete  knowledge  of  the  polarization  state. 

The  surface  corrugations  in  C-QWIP  structures  are 
also  useful  in  detector  characterization.  They  can  be 
used  to  measure  the  absorption  coefficient  a  and  the 
photoconductive  gain  ^  of  a  QWIP  material  under  typ¬ 
ical  operating  conditions.  In  this  approach,  a  batch  of 
C-QWIPs  with  different  V-groove  periods  P  is  pre¬ 
pared.  The  normal  incident  light  reflected  at  the  slanted 
sidewalls  travels  nearly  parallel  to  the  layers.  The 
s-polarization  of  the  incident  radiation  can  then  be  ab¬ 
sorbed,  and  it  decays  exponentially  as  light  propagates 
away  from  these  sidewalls.  As  a  function  of  P,  the  re- 
sponsivity  R{P)  is  first  increasing  with  P,  sinee  there 
is  more  active  material  in  the  detector.  However,  when 
P  increases  beyond  1  /a,  the  material  at  the  center  of  a 
corrugation  unit  receives  little  reflected  light,  while  the 
total  number  of  reflecting  sidewalls  is  reduced.  P(P) 
thus  decreases.  The  functional  form  of  P(P)  is  there¬ 
fore  determined  by  a.  The  value  of  g  determines  the 
overall  magnitude  of  R.  Therefore,  by  fitting  R{P)  as 
a  function  of  P,  the  values  of  a  and  g  can  be  uniquely 
determined. 


T  =  77K 


WAVELENGTH  (pm) 

Fig.  2.  The  values  of  a  and  g  of  a  typical  QWIP  at  different 
wavelengths  and  biases. 


Fig.  2  shows  the  results  of  a  and  g  for  a  typi¬ 
cal  QWIP  material.  Despite  the  observed  increase  of 
R  with  the  bias  V,  the  value  of  a  actually  decreases, 
up  to  38%  at  5  V.  This  decrease  can  be  explained  by 
the  carrier  depletion  in  the  QWs  in  the  presence  of 
an  applied  bias.  The  absorption  is  peaked  at  the  same 
location  as  P,  at  which  a  =  0.22  pm“ '  at  2  V,  corre¬ 
sponding  to  a  decay  length  of  4.5  pm.  The  parameter 
g,  on  the  other  hand,  increases  monotonically  with  V, 
as  expected.  At  low  bias,  g  is  approximately  constant 
across  the  spectrum.  However,  the  value  of  g  increases 
rapidly  around  8.5  pm,  creating  a  strong  peak  at  large 
bias. 

The  peak  value  of  g  is  plotted  against  V  in  Fig.  3  , 
along  with  the  noise  gains  of  the  background  pho¬ 
tocurrent  and  the  77  K  dark  current.  At  low  bias,  the 
three  parameters  are  nearly  the  same.  At  high  bias, 
they  become  different  when  g  is  sensitive  to  the  elec¬ 
tron  energy.  The  measured  values  of  the  noise  gains 
thus  depend  on  the  average  electron  energy  distribu¬ 
tion  at  large  bias. 
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Fig.  3.  The  noise  gain  of  the  77  K  dark  current  (squares),  the 
noise  gain  of  the  300  K  background  photocurrent  (circles)  and  the 
peak  value  of  the  photoconduct ive  gain  at  different  biases. 


Fig.  4.  The  normalized  responsivity  for  C-QWIPs  having 
Si02/mctal  coverage. 

In  order  to  improve  the  C-QWIP  performance,  we 
covered  the  entire  C-QWIP  with  a  thin  dielectric  film 
and  a  metal  layer  [2].  The  metal  provides  a  better 
confinement  of  light  within  the  detector  active  region, 
thereby  increasing  the  detector  responsivity.  Fig.  4 
shows  the  normalized  responsivity  NR  achieved  under 
this  approach.  For  the  smallest  P  —  %  pm  tested,  NR 
is  5.4  times  larger  than  the  edge  coupling. 


APPLIED  VOLTAGE  (V) 

Fig.  5.  The  nonnalized  responsivity  for  C-QWIPs  with  and  without 
vertical  trenches. 

Based  on  parity  symmetry  of  electromagnetic 
interaction,  one  can  conclude  that  the  vertical  opti¬ 
cal  intensity  is  necessarily  zero  at  the  center  of  any 
symmetric  corrugation  profile.  As  a  result,  the  center 
region  produces  no  photocurrent,  and  better  detec¬ 
tor  performance  can  be  achieved  if  this  region  is 
removed.  Fig.  5  shows  that  the  NR  of  a  C-QWIP 
with  2  pm  trenches  is  44%  higher  than  that  without 
at  V  =  5  V.  Even  compared  with  a  regular  C-QWIP 
with  a  smaller  P,  there  is  a  1 5%  improvement.  This 
design  is  particularly  useful  when  the  pixel  pitch  can 
only  fit  one  or  two  corrugation  units. 

In  summary,  we  applied  C-QWIPs  in  polarization- 
sensitive  detection  and  detector  characterization.  The 
sensitivity  of  a  C-QWIP  can  be  improved  by  di¬ 
electric/metal  coverage  or  with  additional  vertical 
trenches. 
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Abstract 

The  effects  of  optical  interference  in  quantum- well  infrared  photodetcctors  (QWlPs)  caused  by  reflection  of  radiation 
from  the  metal  contact  are  investigated.  It  is  shown  that  interference  leads  to  strong  deterioration  of  QWIP  characteristics 
(responsivity,  noise,  and  noise  equivalent  power  (NEP))  if  signal  photocurrent  is  larger  than  the  dark  cun-ent  or  background 
current.  This  is  caused  by  the  nonuniform  distribution  of  the  photogeneration  rate,  electric  field,  and  all  other  microscopic 
physical  quantities.  As  a  result,  the  photocurrent  gain  and  photoionization  efficiency  are  decreased,  while  the  noise  gain  is 
increased  with  respect  to  their  values  for  uniform  excitation.  Several  puzzling  experimental  effects  -  a  strong  increase  of  the 
QWIP  NEP  for  high-power  heterodyne  operation  and  temperature  dependence  of  QWIP  responsivity  -  can  be  explained  by 
the  model  described  above.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Photoconductivity  of  quantum- well  infrared  pho¬ 
todetectors  (QWIPs)  is  determined  by  the  carrier 
photogeneration  from  the  QWs  and  their  transport  in 
the  QW  structure  [1].  Conventional  QWIP  theories 
assume  that  the  electric  field  and  photogeneration 
rate  are  constant  across  QWIP  structure.  Therefore, 
it  is  commonly  believed  that  QWIP  characteris¬ 
tics  (responsivity,  detectivity,  etc.)  are  independent 
of  temperature  and  incident  infrared  power.  It  has 
been  shown  recently  [2,3]  that  QWIPs  with  small 
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number  of  QWs  can  display  nonlinear  photoresponse 
at  relatively  high  infrared  power.  The  decrease  of 
responsivity  occurs  due  to  the  voltage  drop  on  the 
injection  barrier  and  modulation  of  the  electric  field 
in  the  bulk  of  QWIP.  These  phenomena,  however, 
cannot  explain  several  puzzling  experimental  effects 
in  QWIPs  with  large  number  of  QWs.  One  of  these 
effects  observed  recently  is  an  unexpected  large  value 
of  the  QWIP  noise  equivalent  power  (NEP)  in  het¬ 
erodyne  mode  of  operation  [4].  The  observed  value 
of  the  NEP  exceeded  the  value  NEP(O)  =  Ifim/S,  f  /g 
(predicted  by  conventional  heterodyne  theories  [5]) 
by  a  factor  of  10  (!).  Another  effect  reported  re¬ 
cently  is  temperature  dependence  of  QWIP  responsi¬ 
vity  [6]. 
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We  believe  that  these  nonlinear  effects  can  be  ex¬ 
plained  by  the  non-uniform  distribution  of  the  in¬ 
frared  radiation  intensity  (and  photoexcitation  rate)  in 
QWlPs.  The  nonuniformity  of  light  distribution  due 
to  attenuation  in  QWIPs  and  other  photodetcctors  has 
been  studied  in  Refs.  [7-10].  The  influence  of  the  radi¬ 
ation  interference  on  detector  characteristics  has  been 
reported  in  Refs.  [11,12]. 

The  nonuniformity  of  the  light  intensity  in  QWIP 
caused  by  the  reflection  from  the  metal  contact  and 
interference  was  demonstrated  experimentally  [13].  If 
the  photoexcitation  rate  from  the  QWs  exceeds  the 
thermoionization  rate,  the  nonuniformity  leads  to  the 
modulation  of  the  electric  field  and  other  physical 
quantities  in  the  bulk  of  QWIP,  resulting  in  deterio¬ 
ration  of  QWIP  characteristics.  The  present  paper  re¬ 
ports  detailed  investigation  of  these  effects. 


2.  Numerical  model 

Numerical  simulation  of  QWIP  operation  was 
performed  using  a  one-dimensional  simulator  [14] 
solving  sclf-consistcntly  equations  describing  phys¬ 
ical  processes  in  QWIP  -  Poisson  equation,  cun^ent 
continuity  equation  in  the  drift-diffusion  approxima¬ 
tion,  and  rate  equations  for  capture  and  emission 
in  QWs.  The  physical  parameters  of  the  model  - 
field-dependent  electron  mobility,  thennoionization 
rate  from  the  QWs,  and  photocxcited  electron  escape 
probability  -  were  fitted  to  the  experimental  dark 
current-voltage  and  rcsponsivity-voltage  characteris¬ 
tics,  which  is  necessary  to  obtain  realistic  simulation 
results.  The  escape  probability  has  been  described  by 
a  model  proposed  in  Ref  [15].  Calculation  of  QWIP 
characteristics  has  been  done  as  follows.  Dark  current 
regime  was  simulated  first,  followed  by  simulation 
of  illuminated  conditions  corresponding  to  various 
levels  of  incident  infrared  power.  The  responsivity 
was  calculated  as  a  difference  of  the  total  current  at  a 
given  infrared  power  and  the  dark  current,  nonnalized 
to  the  power  level.  The  photocurrent  gain  is  given  by 
the  ratio  of  the  photocurrent  to  total  QW  excitation 
rate  caused  by  illumination.  The  photoionization  effi¬ 
ciency  is  calculated  as  the  ratio  of  the  QW  photoex- 
citation  rate  to  incident  photon  flux.  Note  that  with 
this  definition  of  gain  and  efficiency  the  photocxcied 
carrier  escape  probability  is  included  into  the  pho¬ 


toionization  efficiency.  The  noise  has  been  evaluated 
according  a  model  proposed  in  Ref.  [16].  The  noise 
power  spectral  density  can  be  represented  in  a  con¬ 
ventional  form  S/  =  4egJ,  where  I  is  the  total  current 
and  Qn  is  the  noise  gain  given  by  the  expressions: 


(1) 


where  z,-  is  the  impedance  of  the  /th  barrier  and  pi  is  the 
capture  probability  of  the  zth  QW.  Local  impedance 
has  been  calculated  as  z/  —  A  Vij AI,  where  A  K/  is  the 
change  of  the  voltage  drop  across  zth  barrier  to  the 
change  of  current  in  QWIP  upon  application  of  a  small 
voltage  step  (5  mV). 

The  noise  equivalent  power  (NEP)  (for  heterodyne 
regime)  is  given  by  the  expression 


NEP(P)  =  NEP(O)  X  [f]{0)/r}(P)]  x  (2) 


where  NEP(O)  =  27zcoA//z]  is  the  low-power  NEP 
value,  and  fioj  is  the  photon  energy. 

Calculations  have  been  performed  for  GaAs/ 
Alo.26Gao.74 As  QWIPs  with  32  QWs  of  60  A  width, 
separated  by  barriers  of  232  A  width.  The  barriers 
were  undoped,  and  the  QWs  were  center  (5-doped 
with  silicon  to  about  9  x  lO'*  cm“^.  The  GaAs  con¬ 
tacts  were  doped  at  1.5  x  lO'^cm”^.  These  QWIPs 
were  studied  in  detail  both  experimentally  and  theo¬ 
retically  earlier  [2,17,18].  Optical  excitation  rate  was 
assumed  to  be  proportional  to  cos^(Ax),  where  k  is 
the  x-component  of  the  wave  vector,  and  Tt:  is  the 
coordinate  perpendicular  to  the  QW  plane  (x  =  0  cor¬ 
responds  to  the  metal-semiconductor  interface).  This 
distribution  corresponds  to  45°  illumination  geometry 
and  perfect  reflection  from  the  metal  contact  [13]. 


3.  Results 

Fig.  1  shows  the  dependence  of  the  responsiv¬ 
ity,  photocurrent  gain,  and  photo  ionization  efficiency 
on  incident  infrared  power  at  temperature  T  =  77  K 
and  applied  bias  V  =  W.  Responsivity  is  constant  at 
low-power,  decreases  with  power,  and  saturates  at  low 
value  for  high  infrared  power.  The  responsivity  is  de¬ 
creased  by  a  factor  of  5  at  high  power.  The  onset  of  the 
responsivity  degradation  occurs  when  the  photocur¬ 
rent  exceeds  the  dark  current.  Responsivity  is  deter¬ 
mined  by  the  product  of  the  photocurrent  gain  g^  and 
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Fig.  1.  Photorcsponsivity  R,  photocurrent  gain  and  photoion¬ 
ization  efficiency  t]  versus  incident  infrared  power  for  32-weIl 
QWIP  at  temperature  T  ==  77  K  and  applied  voltage  V  =  \  V.  The 
dashed-dotted  line  shows  the  distribution  of  optical  power. 
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Fig.  2.  Power  dependence  of  the  noise  equivalent  power  NEP  and 
noise  gain-to-photocurrent  gain  ratio. 

photoionization  efficiency  rj  :  R  =  eg}i/{fio)),  where  e 
is  the  electron  charge.  The  decrease  of  the  responsiv- 
ity  is  caused  by  the  degradation  of  both  and  g,  the 
reasons  of  which  will  be  clear  from  the  analysis  of 
spatial  distributions  of  physical  quantities  in  QWIP. 

Power  dependence  of  the  noise  gain-to-photocurrent 
gain  ratio  and  NEP  are  plotted  in  Fig.  2.  The  gain 
ratio  is  increased  by  a  factor  of  3,  while  the  NEP  is 


0.0  0.2  0.4  0.6  0.8  1.0 


Coordinate  (jim) 

Fig.  3.  Coordinate  dependence  of  (a)  potential,  (b)  electric  field, 
(c)  QW  capture  probability,  and  (d)  photoexcited  electron  escape 
probability  for  low-power  (solid  line)  and  high-power  (dashed 
line)  densities. 

enhanced  by  about  an  order  of  magnitude  (!)  with 
respect  to  their  low-power  values. 

Fig.  3  illustrates  the  distributions  of  physical 
quantities  in  QWIP  in  the  dark  regime  and  under 
high-power  illumination.  At  low  power,  the  potential 
is  almost  linear  with  coordinate,  indicating  the  unifor¬ 
mity  of  the  electric  field  and  other  relevant  quantities. 
However,  at  high  power,  the  electric  field  is  dis¬ 
tributed  nonuniformly  across  QWIP.  This  is  caused 
by  the  nonuniform  optical  generation  rate,  having  a 
minimum  near  the  center  of  QWIP  structure.  To  keep 
the  total  current  constant  in  each  cross-section,  the 
QWs  are  recharged  to  provide  higher  electric  field  in 
unilluminated  regions.  As  a  result,  the  electric  field  in 
illuminated  regions  is  decreased,  causing  the  lower¬ 
ing  of  the  drift  electron  velocity,  photoexcited  carrier 
escape  probability,  and  increasing  the  capture  proba¬ 
bility.  In  unilluminated  region,  the  increased  electric 
field  results  in  enhancement  of  the  tunneling-assisted 
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Fig.  4.  Temperature  dependence  of  responsivily  and  noise  equiv¬ 
alent  power  for  32-well  QWIP  at  incident  power  density  of 
P=\0  W/cm". 

thermal  ionization,  which  effectively  plays  the  role  of 
the  photoexcitation. 

The  temperature  dependence  of  the  responsivity  and 
NEP  at  incident  power  density  P  —  10  W/cm^  is  plot¬ 
ted  in  Fig.  4.  The  effect  of  the  temperature  increase 
on  the  QWIP  characteristics  is  equivalent  to  that  of 
the  lowering  of  infrared  power  -  both  R  and  NEP  arc 
improved  with  temperature  (compare  with  Figs.  1  and 
2).  Thus,  the  nonlinearity  of  QWIP  characteristics  is 
determined  primarily  by  the  ratio  of  the  thermal  excita¬ 
tion  rate  to  (nonuniform)  optical  excitation  rate,  rather 
than  by  particular  value  of  incident  infrared  power. 

Fig.  5  shows  the  voltage  dependence  of  QWIP  re¬ 
sponsivity  and  ratio  P(P)/P(0).  The  voltage  increase 
helps  to  minimize  the  ratio  P(P)/P(0),  i.e.  to  suppress 
the  nonlinear  effects.  This  is  due  to  a  strong  enhance¬ 
ment  of  thermal  excitation  rate  with  applied  voltage. 

4.  Conclusions 

We  have  shown  that  optical  interference  effect  can 
lead  to  strong  nonlinearities  of  the  QWIP  characteris¬ 
tics.  Responsivity,  NEP,  and  gain  ratio  are  deteriorated 
when  the  nonuniform  optical  excitation  rate  exceeds 
the  thermal  ionization  or  background  excitation  rates. 
These  effects  arc  caused  by  the  nonuniform  electric 


Voltage  (V) 


Fig.  5.  Low-power  responsivity  and  high-to-low  power  responsiv- 
itics  ratio  for  32-well  QWIP  at  T  =  11  K. 

field  distribution.  They  can  play  an  important  role  for 
heterodyne  (or  other  high-power)  operation,  and  for 
low-temperature/low-background  applications. 
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Abstract 

We  study  steady-state  and  transient  electron  transport  and  capture  effects  in  n-AIGaAs/GaAs  multiple  quantum-well  infrared 
photodetectors  utilizing  bound-to-continuum  transitions  using  an  ensemble  Monte  Carlo  particle  modeling.  It  is  shown  that 
nonequilibrium  distributions  of  electrons  over  the  conduction  band  valleys  essentially  determine  the  characteristics  of  these 
devices.  The  macroscopic  capture  parameter  is  calculated  as  a  function  of  the  electric  field.  We  show  also  that  monotonic 
electric-field  distributions  can  be  unstable  with  the  excitation  of  the  wave  of  quantum-well  recharging.  As  a  result  of  the 
instability,  quasi-periodic  domain  stmetures  in  quantum-well  infrared  photodetectors  can  be  formed.  ©  2000  Elsevier  Science 
B.V.  All  rights  reserved. 

Keywords:  Infrared  detector;  Transport;  Capture;  Domain  structure 


1.  Introduction 

Electron  transport  and  capture  processes  play  im¬ 
portant  roles  in  the  pcrfonnance  of  quantum-well 
infrared  photodetectors  (QWIPs)  [1,2],  The  dark 
current  in  QWIPs,  their  responsivity,  and  photoelectric 
gain  are  determined  by  the  probability  of  the  electron 
capture  into  QWs.  The  dependence  of  the  capture 
probability  on  the  electric  field  strongly  affects  the 
spatial  distribution  of  the  self-consistent  electric  field 
in  QWIPs  [3-6]. 


*  Corresponding  author.  Fax:  +81-242-37-2596. 
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The  dominant  mechanism  of  the  capture  of  electrons 
in  QW  structures  is  associated  with  the  electron  tran¬ 
sitions  from  the  continuum  states  into  the  bound  states 
in  the  QWs  due  to  the  optical  phonon  emission  [7-10]. 
Thus,  the  capture  rate  depends  not  only  on  the  micro¬ 
scopic  probability  of  the  electron  continuum-to-bound 
transitions,  but  on  the  number  of  electrons  having  the 
energy  £  less  than  the  optical  phonon  energy  £o  as  well. 
As  a  result,  the  capture  rate  essentially  depends  on 
the  energy  distribution  of  electrons  in  the  continuum 
states.  This  distribution  changes  with  varying  electric 
field.  Because  the  capture  rate  into  a  QW  depends  on 
the  energy  distribution  of  the  electrons  in  the  vicinity 
of  this  QW,  which,  in  turn,  is  determined  by  the  elec¬ 
tric  field  in  some  region  around  the  QW  (the  size  of  the 
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region  is  on  the  order  of  the  energy  relaxation  length), 
nonlocal  effects  can  be  important.  These  effects  can 
substantially  influence  the  capture  processes  when  the 
electric  field  is  nonunifoim.  They  can  lead  to  the  in¬ 
stability  of  the  states  with  monotonic  electric-field  dis¬ 
tributions  resulting  in  the  formation  of  quasi-periodic 
domain  structures. 

In  this  paper,  we  present  the  results  of  the  study 
of  steady-state  and  transient  electron  phenomena  in 
QWIPs  using  an  ensemble  Monte  Carlo  (MC)  particle 
modeling.  We  calculated  the  macroscopic  capture  pa¬ 
rameter  /7c  (microscopic  capture  probability  [2])  as  a 
function  of  the  electric  field  in  the  case  when  the  latter 
is  nearly  uniform.  The  evolution  of  the  electric-field 
and  charge  distributions  and  the  transient  photo¬ 
current  were  also  calculated.  The  MC  technique 
implemented  in  this  work  was  described  and  used 
previously  [11-14].  In  particular,  the  microscopic 
probability  of  the  capture  processes  associated  with 
the  continuum-to-bound  transitions  of  electrons  cross¬ 
ing  QWs  and  emitting  optical  phonons  was  adjusted 
to  the  experimental  data  [10].  The  QWIPs  under  con¬ 
sideration  are  based  on  n-type  Alo.22Gao.78As/GaAs 
heterostructures  with  the  width  of  QWs  =  5  nm. 
The  width  of  the  barriers  was  chosen  to  be  in  the 
range  Lb  =  30-100  nm.  The  donor  sheet  concen¬ 
tration  in  the  QWs  and  the  donor  concentration 
in  the  barriers  were  assumed  to  be  in  the  ranges 
Zd  ==(0.5-1)  X  10'2  cm-2  and  Ad  =  lxl0^^- 
5  X  10’^'  cm“^,  respectively.  All  calculations  were 
performed  for  the  temperature  T  =  11  K. 

2.  Electric-field  dependence  of  the  capture 
parameter 

When  the  diffusion  current  in  a  QWIP  is  negligi¬ 
ble  in  comparison  to  the  drift  current,  the  QW  capture 
rate  C  and  the  current  density  j  are  related  to  each 
other  as  C  =  /?c  jje,  where  e  is  the  electron  charge.  In 
QWIPs  with  a  large  number  of  QWs,  the  electric  field 
can  be  nearly  uniform  except  relatively  narrow  re¬ 
gion  adjacent  to  the  emitter  contact  (see,  for  example, 
Refs.  [3,4,6]).  The  microscopic  capture  parameter  for 
QWs  in  the  QWIP  bulk  where  the  electric  field  is  uni- 
fonn  was  calculated  using  the  following  method  [14]. 
We  calculated  by  the  MC  procedures  the  number  of 
electrons  passed  several  QWs  in  the  QWIP  bulk  (the 


Electric  field  (kV/cm) 

Fig.  1.  Capture  parameter  as  a  function  of  the  electric  field 
for  QWIPs  with  A/j  =  1  x  lO'^  cm“^  and  different  periods 
L  =  L\\  +  L\, . 


number  of  the  QWs  in  question  A*  <  A,  where  A  is 
the  total  number  of  QWs  in  a  QWIP)  and  the  num¬ 
ber  of  electrons  captured  in  these  QWs  during  a  cer¬ 
tain  period  of  time.  Under  steady-state  conditions,  the 
numbers  of  captured  and  thermoexcited  (or  photoex- 
cited)  electrons  are  equal  to  each  other.  After  that, 
we  calculated  the  “current  gain”  G*  as  the  ratio  of  the 
numbers  of  passed  and  excited  electrons.  Then,  the 
capture  parameter  was  found  from  the  following  for¬ 
mula  [2]:  /7c  =  (1  +  G*A*)"^  In  the  case  when  elec¬ 
tric  field  is  generally  nonuniform  but  the  scale  of  its 
nonuniformity  is  large  in  comparison  to  the  QW  struc¬ 
ture  period  (i.e.,  when  the  electric  field  is  smooth),  the 
obtained  Pc-E  relations  can  be  considered  as  the  de¬ 
pendences  of  the  capture  parameter  on  the  local  elec¬ 
tric  field.  The  calculated  dependences  of  the  capture 
parameter  on  the  electric  field  for  QWIPs  with 
low  donor  concentrations  in  the  barriers  are  shown  in 
Fig.  1. 

These  dependences  exhibit  a  dramatic  drop  of  the 
capture  parameter  with  increasing  electric  field.  This 
effect  is  attributed  to  a  significant  decrease  of  the 
number  of  electrons  which  can  be  captured,  i.e.,  the 
T-electrons  with  the  energies  £  <  Co  as  the  electric 
field  increases  (see  Fig.  2). 

As  seen  from  Fig.  1,  the  QWIP  with  a  larger 
period  L  (wider  barriers)  correspond  to  larger  val¬ 
ues  of  the  capture  parameter  in  a  wide  range  of  the 
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Fig.  2.  Occupancy  of  F-,  L-,  and  X-vallcys  by  electrons  for 
L  —  55  nm.  Dashed  line  shows  the  fraction  of  the  F-clcctrons  with 

V,  <  /;(), 


QW  structure  period  (nm) 

Fig.  3.  Capture  parameter  versus  period  for  different  elec¬ 
tric  fields  for  :=  1  X  10*'’  cm^^  (open  markers)  and 
=  2.5  X  lO'*^’ cm“-^  (solid  markers).  Crosses  connected  by 
dashed  line  correspond  to  experimental  data  extracted  fioin 
Ref.  [15]. 

electric  field.  This  is  in  agreement  with  the  experimen¬ 
tal  results  (see,  for  example  Ref.  [15]).  However,  the 
capture  parameter  as  a  function  of  the  barrier  width 
reaches  a  minimum  at  a  certain  value  of  the  bamer 
width  and  begins  to  increase  with  further  widening  of 
the  ban'icrs  [15].  Such  a  behavior  was  qualitatively 
explained  previously  [16].  Fig.  3  shows  the  calculated 
dependences  of  the  capture  parameter  as  a  function 
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QW  index 


Fig.  4.  Evolution  of  electric-field  distribution  and  fonnation  of 
domain  structure  in  QWIP  with  21  QWs. 

of  the  QW  structure  period  at  different  electric  fields 
as  well  as  the  experimental  data  (marked  by  crosses). 
As  seen  from  Fig.  3,  these  dependences  are  monotoni- 
cally  decreasing  when  the  barrier  donor  concentration 
is  moderate,  but  they  exhibit  the  nonmonotonic  behav¬ 
ior  in  the  case  of  relatively  high  doping  of  the  barriers 
(compare  the  curves  with  open  and  solid  markers). 

3.  Instability  and  domain  structures 

The  above  results  correspond  to  the  conditions  when 
the  electric  field  is  nearly  constant  in  a  wide  region 
of  a  QWIPs  (in  its  bulk).  However,  at  least  in  some 
cases,  such  distributions  are  unstable.  This  effect  was 
revealed  in  our  MC  simulations  of  QWIPs  under  rel¬ 
atively  strong  powers  of  incident  infrared  radiation. 
The  results  of  the  study  of  the  transient  processes  in  a 
QWIP  with  N  =  2\  and  =  l  x  lO’^  cm“^  as  a  re¬ 
sponse  to  a  step-like  pulse  of  radiation  with  the  inten¬ 
sity  I  =  10^^  cm“^s“’  are  shown  in  Fig.  4.  It  is  seen 
from  Fig.  4  that  the  electric-field  distribution  does  not 
tend  to  a  monotonic  distribution.  On  the  contrary,  it 
clearly  exhibits  wavy  behavior.  It  is  of  interest  that  the 
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wavelength  of  the  excited  wave  of  the  self-consistent 
electric  field  (and  related  wave  of  the  charges  in  QWs) 
gradually  decreases.  As  a  result  of  the  instability  a 
quasi-periodic  stable  distribution  establishes  late  in 
the  development.  Such  an  electric-ficld  distribution 
corresponds  to  a  dipole  domain  structure  in  which 
neighboring  QWs  are  charged  oppositely.  A  marked 
difference  in  the  electric  fields  in  different  barriers  re¬ 
sults  in  a  change  of  the  total  (or  average)  capture  rate 
compared  to  that  when  the  electric  field  is  uniform  or, 
at  least,  uniform  in  the  main  part  of  a  QWIP.  Very 
similar  structures  were  found  in  QWIPs  with  differ¬ 
ent  numbers  of  QWs  (N  =  5-50)  in  wide  ranges  of 
the  intensities  (/  =  cm"^s“Q  and  the  aver¬ 

age  electric  fields  (E  =  5-20  kV/cm).  The  instability 
and  domain  structures  in  question  can  be  attributed  to 
the  nonlocality  of  the  dependence  of  the  hot  electron 
capture  rate  into  QWs  on  the  electric  field  [6].  These 
effects  have  the  same  origin  as  those  predicted  many 
years  ago  for  compensated  semiconductors  with  deep 
traps  [17].  The  formation  of  the  quasi-periodic  domain 
structures  in  QWIP  can  markedly  affect  their  charac¬ 
teristics  (see  also  Ref.  [18]).  Due  to  relatively  slow 
processes  of  the  QW  recharging  the  duration  of  the  in¬ 
stability  nonlinear  development  and  domain  structures 
formation  varies  from  tens  of  nanoseconds  to  several 
microseconds  depending  on  the  number  of  QWs  and 
the  intensity.  Because  of  this,  the  computation  time  in 
some  cases  was  fairly  long  (up  to  few  months  on  the 
SUN  Ultrasparc  workstations). 

4.  Conclusion 

We  calculated  the  capture  parameter  as  a  function 
of  the  electric  field  for  QWIPs  with  different  structure 
periods  and  doping  levels  of  QWs  and  the  barriers, 
using  the  developed  ensemble  MC  particle  method. 
A  steep  drop  of  the  capture  parameter  with  increasing 
local  electric  field  is  attributed  to  the  decrease  of  the 
number  of  electrons  with  the  energies  lower  than  the 
optical  phonon  energy  as  the  electric  field  becomes 
stronger.  The  sag  of  the  conduction  band  edge  in  the 


barriers  due  to  their  donor  space  charge  influences  the 
electron  capture  processes  because  it  affects  the  elec¬ 
tron  energy  distributions.  The  calculated  dependences 
are  in  agreement  with  the  experimental  results.  We 
predicted  that  monotonic  electric-field  distributions  in 
QWIPs  can  be  unstable  with  respect  to  the  excitation 
of  the  recharging  waves.  The  instability  can  lead  to  the 
formation  of  stable  quasi-periodic  electric-field  distri¬ 
butions  corresponding  to  dipole  domain  structures. 
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Abstract 

We  report  on  the  experimental  detennination  of  the  different  contributions  to  the  noise  current  in  quantum-well  infrared 
photodctcctors  (QWIPs).  A  detailed  description  of  the  measurement  set-up  and  experimental  methods  is  given.  The  noise 
properties  of  conventional  bound-to-continuum  QWIPs  and  four-zone  QWIPs  will  be  discussed.  The  noise  current  of  these 
devices  is  dominated  by  g-r  noise  and  by  shot  noise,  respectively.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

GaAs/AIGaAs-bascd  quantum-well  infrared  pho¬ 
todetectors  (QWIPs)  operating  in  the  8-12  pm  spec¬ 
tral  range  arc  finding  increasing  application  in  thermal 
imaging  systems  due  to  the  excellent  homogeneity 
and  temperature  resolution  of  two-dimensional  detec¬ 
tor  arrays.  Noise-equivalent  temperature  differences 
(NETD)  of  less  than  10  mK  and  below  20  mK  have 
been  achieved  with  QWIP  cameras  with  256  x  256 
and  640  x  512  pixels,  respectively  [1,2].  The  NETD 
of  the  system  is  critically  determined  by  the  signal 
and  noise  currents  of  the  QWIP.  Furthermore,  noise 
measurements  give  important  experimental  clues 
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for  the  understanding  of  the  charge  carrier  transport 
properties. 

2.  Detector  structures  and  device  operation 

Two  types  of  QWIP  structures  have  been  analysed. 
The  conduction  band-edge  distribution  and  the  appro¬ 
priate  carrier  transport  mechanisms  of  both  samples 
are  summarised  in  Fig.  1.  Sample  A  (Fig.  la)  repre¬ 
sents  a  conventional  photoconductive  QWIP  based  on 
bound-to-continuum  intersubband  transitions  [3].  The 
active  region  contains  A  =  50  n-type  GaAs  quantum 
wells  embedded  between  48  nm  thick  Alo.26Gao.74As 
barriers.  The  width  of  the  quantum  wells  is  4.1nm. 
The  wells  are  Si-doped  to  a  sheet  concentration  of 
4  X  10’’  cm“2. 

Sample  B  (Fig.  lb)  is  a  novel  type  of  QWIP 
with  an  asymmetric  potential  distribution.  The  ac¬ 
tive  region  consists  of  TV  =  20  periods.  As  indicated 
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3.  Noise  contributions 


Fig.  1.  Potential  distribution  of  the  conduction  band  edge  of  (a) 
a  conventional  bound-to-continuum  QWIP  and  (b)  a  four-zone 
QWIP. 

by  the  arrows,  the  carriers  are  emitted  from  a  4.8 
nm  wide,  Si-doped  (4  x  10"  cm"^)  GaAs  quantum 
well.  Subsequently,  they  drift  across  a  45  nm  wide 
Alo.24Gfao.76As  barrier.  A  narrow  barrier  containing 
two  0.6  nm  wide  AlAs  spikes  blocks  further  carrier 
transport  in  the  continuum.  The  carriers  are  thus  cap¬ 
tured  into  a  narrow,  undoped  quantum  well  region 
adjacent  to  the  barriers.  The  captured  electrons  tunnel 
through  the  narrow  barrier  and  reach  the  subsequent 
period.  As  apparent  from  the  described  transport 
process  four  separate  zones  can  be  distinguished  in 
this  class  of  QWIPs,  namely  the  emission  zone,  the 
drift  zone,  the  capture  zone  and  the  tunneling  zone. 
These  QWIPs  have  therefore  been  called  four-zone 
QWIPs  [4].  As  long  as  the  AlAs  barriers  efficiently 
block  the  carrier  transport  in  the  continuum,  the  drift 
length  of  the  excited  carriers  corresponds  to  exactly 
one  period.  In  this  case  the  carrier  capture  probabil¬ 
ity  is  equal  to  unity.  Further  details  concerning 
the  detector  structures  can  be  found  in  Refs.  [5,4], 
respectively. 


The  noise  behaviour  of  QWIPs  is  determined  by 
two  basic  contributions,  namely  Johnson  noise  and 
generation-recombination  (g-r)  noise.  Johnson  noise 
[6,7]  is  caused  by  the  random  thermal  motion  of  charge 
carriers,  which  leads  to  local  gradients  in  the  charge 
carrier  density.  The  corresponding  noise  current  /j  at 
the  bias  voltage  U  can  be  expressed  as 

//=4A:Br^A/,  (1) 

where  is  Boltzmann’s  constant,  T  the  tempera¬ 
ture,  /d  the  thermally  activated  dark  current,  d/a/dt/ 
the  differential  conductivity  and  A/  the  measure¬ 
ment  bandwidth.  Every  electrical  conductor  exhibits 
temperature-dependent  Johnson  noise  even  without 
an  applied  voltage. 

Similar  to  the  noise  behaviour  of  a  photocon¬ 
ductor  [8],  g-r  noise  in  QWIPs  is  the  result  of 
the  fluctuating  number  of  mobile  charge  carriers  in 
multi -quantum-well  structures  due  to  statistical  carrier 
emission  and  capture.  A  general  theoretical  descrip¬ 
tion  was  given  by  Beck  [9].  For  a  structure  containing 
N  periods,  his  deduction  of  the  g-r  noise  yields 

/2_,  =  4e^p„(l-^)/aA/.  (2) 

An  important  parameter  in  the  description  of  the  car¬ 
rier  transport  mechanism  is  the  photoconductive  gain 
^ph,  which  is  given  by 


/d  1 

L~  Np,- 


(3) 


Here  U  denotes  the  emitted  carrier  mean  drift  length 
and  L  the  overall  length  of  the  multi-quantum-well 
region.  Inserting  expression  (3)  into  Eq.  (2)  leads  to 
the  following  relation  between  ^ph  and  /g_r: 


4'-r  1 

4e/dA/  2N' 


(4) 


Actually,  the  widely  used  standard  model  for  the 
description  of  g-r  noise  in  QWIPs  [3,10]  differs 
from  Beck’s  equation  (2)  by  omitting  the  factor  of 
(1  -  Pcjl).  Consequently,  within  the  standard  model 
the  additional  term  l/ilN)  of  Eq.  (4)  is  not  present 
in  the  corresponding  expression  for  the  photoconduc¬ 
tive  gain.  Note  that  in  the  case  of  which  is 

typical  for  conventional  bound-to-continuum  QWIPs, 
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the  g-r  noise  expression  of  the  standard  model  is  a 
good  approximation  to  Reek’s  equation.  In  four-zone 
QWlPs  the  earner  eapture  becomes  deterministic 
(i.e.  /?e  ~  1 ),  such  that  the  noise  associated  with  the 
‘recombination  process’  vanishes.  In  contrast  to  the 
standard  model,  Beck’s  equation  is  able  to  predict  this 
reduction  of  the  g--r  noise  [11].  For  a  carrier  capture 
probability  of  unity  Beck’s  expression  has  the  same 
form  as  the  expression  describing  the  shot  noise  of 
an  ordinary  photodiode  [8]. 

By  assuming  that  g-r  noise  and  Johnson  noise 
are  statistically  independent,  the  total  noise  of  a 
quantum-well  infrared  photodetector  is  given  by 


(5) 


Apart  from  the  situation  with  no  applied  voltage, 
g-r  noise  generally  exceeds  Johnson  noise.  Therefore 
the  photoconductivc  gain  can  be  detennined  by  noise 
measurements.  In  frequency  regimes  where  emitted 
carrier  lifetimes  can  be  ignored,  the  noise  in  QWlPs 
is  independent  of  frequency. 


4.  Measurement  set-up 


Fig.  2  shows  the  measurement  set-up  used  for 
the  characterization  of  the  dark  cun‘cnt  noise.  The 
QWIP  is  mounted  on  a  sample  holder  in  a  dewar  and 
cooled  to  77  K.  Simultaneously,  the  sample  holder 
acts  as  a  Faraday  cage  to  shield  unamplified  signal 
currents  from  ambient  electromagnetic  fields  in  or¬ 
der  to  avoid  parasitic  contributions  to  the  measured 
noise.  A  computer  controllable,  batteiy-equippcd 
current  preamplifier  (Stanford  Research  Systems, 
SR570)  acts  as  a  low  noise  voltage  source.  Noise 
measurements  of  the  output  voltage  yielded  a  value 
of  =  2.6  X  10“^  V/Hz'/^  According  to  Ohm’s 
law,  the  noise  of  the  applied  bias  f/n,v.s.  induces  a  noise 
current  /n.v.s.  in  tiic  QWIP,  which  can  be  expressed  as 


/  -u  ^ 

-‘n.v.s.  —  j  j- j- * 

QU 


(6) 


Note  that  this  term  is  proportional  to  d/j/dt/,  while 
Johnson  noise  and  g-r  noise  are  proportional  to 
(d/ti/df/)'/^  and  respectively.  Within  bias 

regimes  where  the  sample  exhibits  a  sufficiently  high 
d4i/df/,  voltagc-sourcc-induced  noise  /„.v.s.  exceeds 
Johnson  noise.  At  high  voltages,  /n.v.s.  may  even  ex- 
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Fig.  2.  Noise  measurement  set-up. 


ceed  g-r  noise,  if  the  increase  of  h{U)  is  stronger 
than  quadratic. 

The  gain  of  the  DC-coupled  low  noise  current 
preamplifier  (ITHACO,  Model  564)  can  be  set  to 
values  from  10“"^  to  A/V.  The  corresponding 
cut-off  frequencies  (-3  dB)  range  from  250  kHz  down 
to  3  kHz.  The  preamplifier’s  input  noise  current  /n.amp. 
depends  on  the  selected  amplification  and  limits  the 
noise  resolution  of  our  measurement  set-up.  We 
measured  a  value  of  1.5  x  10“^"^  A/Hz’^^  at  an  am¬ 
plification  of  10“^  A/V.  The  current  preamplifier 
is  placed  close  to  the  sample  holder  in  order  to 
reduce  electromagnetic  perturbation  before  signal 
amplification.  In  addition  to  the  bias  of  the  volt¬ 
age  source,  the  preamplifier  provides  the  possibility 
of  adding  an  input  offset  voltage  in  the  range  of  0 
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to  10  V.  A  computer-controllable  digital  voltmeter 
(Hewlett-Packard,  HP3457A)  measures  the  output 
voltage  of  the  current  preamplifier,  which  is  propor¬ 
tional  to  the  DC  eurrent. 

We  use  a  spectrum  analyzer  (Hewlett-Packard, 
HP3580A)  to  measure  the  noise  of  the  current  pream¬ 
plifier’s  output  signal  at  a  fixed  frequency.  The  digital 
voltmeter  measures  the  analog  output  of  the  spectrum 
analyzer.  For  every  applied  voltage,  the  spectrum 
analyzer’s  signal  output  is  averaged  a  hundred  times 
in  order  to  determine  the  noise  eun'ent  at  the  given 
voltage  and  frequeney. 

Summarizing  all  noise  eontributions,  the  measured 
noise  /„,meas.  Can  be  written  as 


/■“  —  4_  /2  I  1-2  t2 

means.  -^g-r  '  “  ^n.v.s.  '  '‘n.a 


amp.* 


(7) 


Thereby,  contributions  originating  from  the  set-up  and 
being  constant  throughout  the  measurement  may  be  in¬ 
cluded  into  the  preamplifier  noise.  By  simultaneously 
measuring  the  noise,  the  current  and  the  differential 
conductivity,  we  extract  the  gain  by  first  calculating 
the  mere  g-r  noise  according  to  expression  (7)  and 
then  using  Eq.  (4).  In  order  to  obtain  reliable  values 
for  the  photoconductive  gain,  the  main  contribution  to 
the  measured  noise  has  to  be  given  by  the  sample’s 
g-r  noise. 


5.  Negative  differential  gain  in  photoconductive 
QWIPS 

Fig.  3  shows  several  eontributions  to  the  measured 
noise  current  versus  bias  voltage  of  sample  A  obtained 
at  a  temperature  of  77  K  and  1070  Hz.  The  sign  of  the 
applied  bias  refers  to  the  voltage  at  the  top  eontact. 
Because  the  preamplifier’s  noise  contribution  /n.amp. 
depends  on  the  seleeted  amplification  range,  steps  in 
the  measured  noise  appear  when  the  preamplifier’s 
gain  is  switched.  As  seen  in  Fig.  3,  the  Johnson  noise 
is  relevant  at  around  0  V.  The  noise  current  induced 
by  the  voltage  source  is  mostly  at  least  an  order  of 
magnitude  below  the  Johnson  noise  within  the  inves¬ 
tigated  voltage  range.  Therefore,  this  contribution  is 
practically  negligible  in  the  evaluation  of  the  measured 
data  shown  in  Fig.  3.  At  high  applied  voltages,  the 
voltage-source-induced  noise  inereases  more  strongly 
than  the  Johnson  noise  due  to  their  different  depen- 
deneies  on  the  differential  conductivity. 


Bias  Voltage  (V) 

Fig.  3.  Noise  cuiTent  contributions  versus  voltage  of  sample  A 
measured  at  1 070  Hz  and  77  K.  The  numbers  indicate  the  measured 
noise  (1),  the  preamplifier’s  contribution  (2),  the  Johnson  noise 
(3)  and  the  noise  induced  by  the  voltage  source  (4). 


Fig.  4.  Measured  photoconductive  gain  versus  voltage  of  sample 
A  at  a  temperature  of  77  K.  The  solid  line  represents  a  theoretical 
fit  based  on  inteiTalley  scattering. 


The  voltage  dependence  of  the  photoconductive 
gain  as  calculated  from  the  measured  data  according 
to  Eqs.  (4)  and  (7)  is  shown  in  Fig.  4.  At  low  ap¬ 
plied  fields  the  photoconductive  gain  exhibits  a  linear 
behaviour.  Subsequently,  the  gain  passes  through  a 
maximum  and  decreases  afterwards.  This  negative 
differential  behaviour  has  been  attributed  to  a  nega¬ 
tive  differential  field  dependence  of  the  carrier  drift 
velocity  due  to  F-X  and  F-L  intervalley  scattering 
processes.  The  solid  line  shows  a  fit  to  the  measured 
data  which  uses  a  theoretical  expression  describing 


128 


R.  Rehm  et  al.  I  Physica  E  7  (2000)  124-129 


Fig.  5.  Noise  current  contributions  versus  voltage  of  sample  B 
measured  at  1430  Hz  and  77  K.  The  numbers  arc  explained  in  the 
figure  caption  of  Fig.  3. 


the  drift  velocity  in  consideration  of  intervalley  scat¬ 
tering.  The  fit  yields  realistic  values  for  the  character¬ 
istic  field,  carrier  mobility  and  saturation  velocity  in 
Al().26Gao.74As,  as  described  in  more  detail  in  Ref  [5]. 


6.  Suppression  of  recombination  noise  in  four-zone 
QWIPS 

The  measured  noise,  the  preamplifier  noise,  the 
Johnson  noise  and  the  noise  induced  by  the  voltage 
source  in  the  ease  of  sample  B  are  shown  in  Fig.  5  as 
a  function  of  the  applied  bias.  The  measured  noise  is 
closer  to  the  preamplifier’s  noise  as  compared  to  Fig. 
3.  Thus,  the  steps  in  the  measured  noise,  which  occur 
whenever  the  preamplifier  is  switched,  arc  more  pro¬ 
nounced.  Since  the  measured  noise  primarily  consists 
of  Johnson  noise  at  very  low  bias  voltages,  the  pho- 
toconductive  gain  cannot  be  extracted  from  the  mea¬ 
sured  data  at  around  0  V.  The  voltage-sourcc-induced 
noise  becomes  the  most  significant  part  of  the  mea¬ 
sured  noise  at  high  applied  bias.  This  prevents  the 
determination  of  the  photoconductive  gain  at  those 
voltages. 

As  a  consequence  of  the  blocking  of  the  earner 
transport  by  the  AlAs  barriers,  the  mean  drift  length  is 
expected  to  correspond  to  exactly  one  period.  Hence 
the  photoconductive  gain  should  equal  0.05  in  a  20  pe¬ 
riod  QWIP  structure  according  to  Eq.  (3).  A  detailed 
evaluation  of  the  measured  photoconductive  gain  by 
different  noise  models  has  been  carried  out  in  Ref 


'  -4,0  -3,5  -3,0  -2,5  -2,0  -1,5  -1,0  -0,5 
Bias  Voltage  (V) 

Fig.  6.  Photoconductive  gain  and  capture  probability  versus  voltage 
of  sample  B  at  a  temperature  of  77  K. 

[11],  confirming  the  validity  of  Beck’s  model.  The 
photoconductive  gain  and  the  related  carrier  capture 
probability,  which  have  been  obtained  by  the  applica¬ 
tion  of  Beck’s  noise  model  to  the  experimental  data, 
are  presented  in  Fig.  6.  The  theoretically  expected  gain 
value  of  0.05,  which  corresponds  to  a  carrier  capture 
probability  of  unity  for  A  =  20  periods,  is  actually  ob¬ 
served  over  a  wide  bias  range.  In  this  bias  range  the 
noise  behaviour  of  sample  B  is  limited  by  shot  noise 
rather  than  g-r  noise  (see  (2)).  The  increase  of  the 
photoconductive  gain  at  high  negative  voltages  can  be 
explained  by  the  less  efficient  blocking  of  the  carrier 
transport  in  the  continuum  by  the  AlAs  barriers,  which 
leads  to  a  mean  drift  length  of  more  than  one  period. 


7.  Summary 

We  have  presented  a  detailed  description  of  our 
noise  measurement  set-up  and  the  experimentally  rel¬ 
evant  noise  contributions  in  QWIPs.  Generally,  John¬ 
son  noise  is  dominant  at  low  bias.  The  noise  induced 
by  the  voltage  source  becomes  significant  at  high  bias. 
In  between,  g-r  noise  or  shot  noise  are  the  domi¬ 
nant  contributions,  thus  the  photoconductive  gain  can 
be  determined.  We  characterized  the  noise  behaviour 
of  a  conventional  bound-to-continuum  QWIP  and  a 
four-zone  QWIP.  The  photoconductive  gain  of  the 
bound-to-continuum  QWIP  reveals  a  negative  differ¬ 
ential  behaviour,  which  can  be  attributed  to  inter¬ 
valley  scattering.  The  particular  transport  mechanism 
in  a  four-zone  QWIP  gives  rise  to  a  shot  noise  limited 
behaviour,  as  predicted  by  Beck’s  noise  model  [11]. 
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Abstract 

In  this  work,  experimental  results  showing  very  slow  (up  to  10^  s)  dark  cuirent  transients  in  n-type  GaAs/Al().27Ga().73As 
quantum-well  photodctcctors  (QWIPs)  arc  reported.  The  transients  with  amplitudes  of  0.1%  to  65%  of  the  steady-state 
current  have  been  observed  at  77  K.  These  effects  arc  believed  to  be  associated  with  initially  ionized  deep  levels  acting 
as  traps  reducing  the  positive  charge  in  the  structure.  The  time  constant  of  the  dark  current  (transient)  decreases  with 
increasing  temperature  with  an  experimentally  determined  activation  energy  ~75  meV.  A  fitting  of  the  capture  cross  section 
to  (T(r)  =  (To  cxp(£’c/A'Br)  gives  an  estimate  for  the  capture  activation  energy  of  E^-^35  mcV.  ©  2000  Elsevier  Science  B.V. 
All  rights  reserved. 

Keywords:  Dark  current;  quantum-well  infrared  detectors;  Transients 


1.  Introduction 

Variations  in  the  dark  current  in  quantum-well  IR 
photodctcctors  (QWIPs)  can  have  significant  effects 
on  their  performance.  Previously  the  effects  of  deep 
levels  on  current  have  been  observed  in  the  persis¬ 
tent  photoconductivity  [1,2].  This  effect  is  believed 
to  be  due  to  the  traps  associated  with  deep  levels  in 
the  AlGaAs  barrier.  In  this  work  we  present  exper¬ 
imental  results  for  transient  dark  currents  in  QWIPs 
with  very  long  time  scales  on  the  order  of  minutes  to 
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hours.  These  transients  have  amplitudes  of  0.  l%-65% 
of  the  steady  state  current  and  time  scales  of  10^-10^ 
s  for  a  GaAs/Alo.27Gao.73As  QWIP  at  77  K.  At  higher 
temperatures  the  time  scales  became  much  faster  giv¬ 
ing  s  time  constants  for  120  K.  The  amplitude  of 
the  transient  initially  increases  as  the  temperature  is 
increased  and  then  decreases  for  temperatures  above 
-130  K. 


2.  Experimental  data 

The  experiment  consisted  of  measuring  the  dark 
current  as  a  function  of  time  in  a  QWIP  at  a  fixed  tem- 
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Table  1 

Parameters  for  the  samples  used  in  measuring  the  transients,  the  relative  doping  in  the  barrier  and  the  growth  temperature.  Relative  doping 
in  the  barrier  is  determined  by  integrating  the  dopant  that  migrated  into  the  barrier  [4]  with  samples  #1127  and  #1130  being  taken  as  1. 
All  samples  were  grown  at  605  C  except  #1327  which  was  grown  at  550  C 


Sample 

number 

Well 

width 

(A) 

Barrier 

width 

(A) 

Number 
of  periods 

(5-doping 

offset 

Relative 
doping  in 
the  barrier 

#1127 

59 

250 

4 

0 

1.00 

#1300 

59 

350 

25 

0 

1.00 

#1301 

59 

350 

25 

6A 

0.89 

#1302 

59 

350 

25 

12  A 

0.79 

#1327 

55 

250 

25 

0 

0.00 

#1328 

55 

250 

25 

11  A 

0.86 

#1329 

55 

250 

25 

22  A 

0.68 

perature  after  a  fixed  voltage  had  been  applied  to  the 
sample.  All  current  measurements  were  performed  us¬ 
ing  a  Keithley  2400  sourcemeter.  The  samples  were 
cooled  in  a  closed-cycle  refrigerator,  a  continuous  flow 
cryostat  or  by  direct  immersion  in  liquid  nitrogen. 
Before  each  measurement,  the  samples  were  warmed 
up  to  room  temperature  to  remove  any  accumulated 
space  charge  and  have  the  same  initial  conditions.  The 
first  sample  measured  was  designed  as  a  4-well  QWIP 
(#1 127)  with  a  peak  response  at  8.5  pm  [3].  This  sam¬ 
ple  showed  a  strong  transient  whose  time  scale  varied 
with  temperature  and  field.  A  set  of  25  well  samples 
(see  Table  1 )  with  the  same  device  parameters  except 
for  the  ^-doping  position  were  measured.  The  wells 
of  samples  #1300,  #1301,  and  #1302  were  ^-doped  at 
the  center,  or  off  center  by  6  and  12  A  (in  the  direction 
opposite  to  the  growth  direction)  respectively.  Sam¬ 
ples  #1327,  #1328,  and  #1329  were  doped  in  the  cen¬ 
ter,  1 1  and  22  A  away  from  the  center.  These  samples 
were  previously  used  to  study  the  dopant  segregation 
effects  in  QWIPs  [4]  and  were  studied  here  to  find 
any  relationship  between  the  transient  and  the  dopant 
distribution  in  the  structure. 

Fig.  1  shows  typical  current-time  curves  for  sample 
#1127  in  the  range  100-160  K  when  a  constant  volt¬ 
age  of  0.7  V  corresponding  to  a  field  of  47  kV/cm  is 
applied.  All  the  curves  have  been  normalized,  with  the 
actual  currents  ranging  from  3  to  46  mA.  The  curves 
all  show  some  similarities,  with  an  initial  increase  in 
the  current  for  the  first  ~100  s  which  could  be  due  to 
heating  of  the  sample.  The  absence  of  this  increase  for 
samples  immersed  in  liquid  nitrogen  supports  this  ex- 


0  800  1600 
Time  (s) 


Fig.  1.  Transient  current  in  the  4-well  sample  for  (a) 
T  =  100-130  K  and  (b)  T  =  140-1 60  K  at  a  field  of  47  kV/cm. 
Note  the  increasing  strength  of  the  transient  up  to  ^^130  K  fol¬ 
lowed  by  a  decrease  with  the  transient  almost  disappearing  at 
160  K.  The  time  scale  for  the  transient  also  decreases  as  the  tem¬ 
perature  rises. 

planation.  After  this  heating  transient,  the  current  de¬ 
creases  until  it  eventually  reaches  a  steady  state  value. 
The  small  variations  on  these  general  trends  seen  in 
the  curves  are  due  to  the  small  temperature  fluctua¬ 
tions  on  the  order  of  ^0.01  K  in  the  cooling  system. 
It  is  possible  to  fit  the  current  for  ?  >  500  s  to 

/  =  /o  + A/exp(-//T),  (1) 

where  Iq  is  the  steady-state  current,  A/  is  the  ampli¬ 
tude  of  the  transient  current  and  i  is  a  time  constant 
related  to  the  capture  process,  which  was  determined 
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Fig.  2.  Decay  time  for  the  transient  versus  l/T  for  the  temperature 
range  100-140  K  indicating  an  activation  energy  of  75  meV.  When 
the  increase  in  current  with  temperature  is  included  the  capture 
energy  was  found  to  be  ~35  mcV. 

over  a  range  of  temperatures  from  77  to  170  K.  In  the 
region  of  100-140  K  it  was  possible  to  determine  an 
activation  energy  of  75  meV  by  plotting  ln(i)  versus 
\/T  (see  Fig.  2).  Below  100  K,  t  became  very  long 
( >  10^  s)  making  determination  of  t  imprecise.  How¬ 
ever,  estimations  based  on  measurements  over  l-2h 
agree  in  order  of  magnitude  with  the  extrapolations  of 
Fig.  2. 

The  time  constant  for  charge  capture  should  obey 
the  equation 

T  =  \/nv(j,  (2) 

where  n  is  the  carrier  density,  v  is  the  carrier  velocity 
and  a  is  the  capture  cross  section.  Since  nv  is  propor¬ 
tional  to  the  current,  the  temperature  dependence  of 
nv  can  be  obtained  from  the  steady  state  dark  current 
measurements.  This  allows  the  extraction  of  the  tem¬ 
perature  dependence  of  a.  A  fit  to  the  expression 

a{T)  =  (To  exp(Ec/k\iTX  (3) 

gives  the  capture  energy  £'c'^35  i  5meV  which  is 
close  to  the  LO  phonon  energy.  Sample  #1302  gave  a 
similar  value  of  37  ±5  mcV.  This  value  is  smaller  than 
observed  thermal  and  capture  energies  of  ~200  meV 
for  DX  centers  in  AlGaAs  for  Al  fraction  .x  =  0.26  [5]. 
However,  the  capture  barrier  can  be  much  smaller  than 
the  thermal  activation  energy  for  other  traps.  Capture 
energies  are  not  readily  available  in  the  literature 
for  deep  traps  in  AlGaAs.  However,  in  GaAs  Eq  — 
40  meV  has  been  observed  [6]  for  a  deep  level  with 
330  meV  activation  energy  while  other  traps  have 
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Fig.  3.  Dark  current  for  samples  #1300,  #1301  and  #1302  showing 
the  reduced  dopant  segregation  in  #1302. 

capture  energies  up  to  several  hundred  meV.  Al¬ 
though  the  addition  of  Al  will  change  the  various 
capture  energies,  AlGaAs  can  be  expected  to  have 
traps  with  similar  energies,  which  is  confirmed  by 
our  results. 

To  detennine  how  the  transient  was  related  to 
dopant  segregation,  measurements  were  made  on 
the  samples  (#1300,  #1301,  #1302,  1327,  1328  and 
1329)  with  known  dopant  segregation.  The  sample 
in  which  the  doping  was  at  the  center  of  the  well 
(#1300)  showed  an  asymmetric  dark  current  indicat¬ 
ing  that  there  was  migration  of  dopants  in  the  growth 
direction.  It  showed  a  transient  of  ^3%  for  a  field  of 
9  kV/cm  with  electron  flow  in  the  growth  direction 
but  none  for  electron  flow  in  the  opposite  direction. 
When  the  field  on  the  sample  was  increased  the  time 
scale  of  the  transient  increased  and  the  transient  ap¬ 
pears  to  become  smaller.  Above  28  kV/cm  field  the 
transient  begins  to  increase  again,  and  by  47  kV/em 
reached  4%.  Sample  #1301  showed  a  more  symmet¬ 
ric  I-V  and  had  similar  behavior  with  a  2%  transient 
at  9  kV/cm  that  initially  decreased  then  began  to  in¬ 
crease  as  the  fields  was  increased  above  18  kV/cm. 
The  sample  with  the  largest  doping  shift  (#1302) 
showed  a  larger  and  more  symmetric  dark  current 
[see  Fig.  3(a)]  which  is  consistent  with  previous 
measurements  of  the  same  sample  [4].  For  sample 
#1302  the  observed  transient  is  strong  (up  to  7%  at 
77  K)  for  electron  flow  in  the  growth  direction  and 
nonexistent  for  electron  flow  in  the  opposite  direction 
at  fields  of  14  kV/cm  (see  Fig.  4).  The  forward  tran¬ 
sient  in  this  sample  increased  at  fields  of  9  kV/cm 
and  continued  increasing  for  fields  up  to  23  kV/cm. 
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Fig.  4.  Comparison  of  three  samples  with  identical  device  parameters  except  for  doping  location,  (a)  #1300  center-doped  sample,  (b) 
#1301  shifted  6  A  opposite  to  growth  direction  and  (c)  #1302  shifted  12  A.  The  fields  in  (a)  and  (b)  are  (1)  9,  (2)  18,  (3)  28,  (4)  37 
and  (5)  47  kV/cm.  The  fields  in  (c)  are  (1)  9,  (2)  14,  (3)  18  and  (4)  23  kV/cm. 


Time  (s) 

Fig.  5.  Comparison  of  two  samples  with  identical  device  parameters  except  for  doping  location,  (a)  #1328  shifted  11  A  opposite  to  growth 
direction  and  (b)  #1329  shifted  22  A.  The  fields  are  (1)  9,  (2)  18,  (3)  28,  (4)  37  and  (5)  47  kV/cm. 


If  the  transient  was  only  due  to  the  enhanced  number 
of  traps  in  the  barrier  caused  by  dopant  segregation 
sample  #1300,  which  had  the  more  asymmetric  I-V, 
was  expected  to  show  the  largest  transient,  with  the 
transient  decreasing  in  #1301  and  #1302.  However, 
sample  #1302  showed  the  largest  transient  as  well  as 
having  a  transient  at  lower  fields  than  the  other  two 
samples. 

Similar  behavior  is  seen  in  samples  #1328  and 
#1329  (see  Fig.  5)  sample  #1328  with  a  more  asym¬ 
metric  current  showed  a  small  transient  that  decreased 
as  the  bias  was  increased  and  then  started  to  in¬ 
crease  at  47  kV/cm.  Sample  #1329  showed  only  a 
small  (~0.5%)  transient  at  9  kV/cm.  For  fields  above 
9  kV/cm  the  transient  amplitude  increased  rapidly, 
reaching  65%  for  fields  of  38  kV/cm. 

Sample  #1327  which  was  grown  at  lower  tempera¬ 
ture  and  had  no  significant  dopant  migration  into  the 


barrier  showed  no  transient  at  any  temperature  even 
for  fields  above  47  kV/cm.  This  indicates  that  dopant 
migration  may  play  some  role  in  generating  the  traps 
related  to  the  transient. 


3.  Conclusion 

The  presence  of  transient  currents  in  QWIPs  when 
electric  fields  above  9  kV/cm  are  applied  has  been 
experimentally  demonstrated.  Based  on  the  tempera¬ 
ture  dependence  of  the  transient  the  capture  activation 
energy  is  estimated  to  be  ~35  meV,  Measurements 
on  samples  with  and  without  dopant  segregation 
in  the  wells  indicate  that  the  traps  responsible 
for  the  transient  may  be  associated  with  migra¬ 
tion  of  the  dopant  into  the  AlGaAs  barriers.  How¬ 
ever,  measured  activation  energies  do  not  seem  to 
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correspond  with  any  known  defects  so  further 
measurements  are  required  to  confirm  the  trap 
location  and  nature.  Due  to  the  small  number 
of  capture  activation  energies  for  traps  in  Al- 
GaAs  it  is  not  possible  to  directly  identify  the 
“defect”  associated  with  the  trap.  The  lower¬ 
ing  of  the  critical  field  at  which  transients  be¬ 
come  significant  indicates  that  while  shifting  the 
location  of  the  doping  can  reduce  the  cun^ent 
asymmetry  caused  by  dopant  segregation  this 
also  leads  to  large  transients  occurring  at  op¬ 
erating  fields  in  the  devices.  These  large  tran¬ 
sients  could  degrade  the  performance  of  the  de¬ 
tectors  in  cases  where  high  temporal  uniformity  is 
important. 
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Abstract 

This  paper  presents  a  PSPICE  model  for  quantum-well  infrared  photodetectors  (QWIP).  Bias  dependence  of  the  dark 
current  and  photocurrent  is  accurately  described  by  the  model  with  the  aid  of  analogue  behaviour  modelling  (ABM)  technique 
in  PSPICE.  The  model  can  be  easily  integrated  with  the  readout  electronics  for  circuit  optimisation.  In  addition,  we  have  also 
incorporated  the  temperature  dependence  of  dark  current  into  the  model  for  analysing  the  effects  of  operating  temperature  on 
the  performance.  The  various  design  parameters  of  the  QWIP  can  be  fed  into  the  model  as  user-defined  inputs  to  simulate 
the  detector  performance.  Experimental  data  of  different  QWIP  structures  were  compared  with  the  simulated  results  and  their 
good  agreement  verifies  the  accuracy  of  the  PSPICE  model.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Quantum-well  infrared  photodetector;  Readout  electronics;  PSPICE  modelling 


1.  Introduction 

The  rapid  development  of  quantum-well  infrared 
photodetectors  (QWIPs)  has  prompted  its  application 
in  focal  plane  arrays  [1].  Such  applications  require  the 
integration  of  readout  electronics  with  the  detectors. 
For  the  optimisation  of  the  readout  electronics,  it  is 
necessary  to  simulate  the  circuit  along  with  the  QWIP. 
The  operation  of  a  QWIP  is  usually  described  by  a 
set  of  equations  based  on  its  device  physics  [1],  How- 
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ever,  these  equations  cannot  be  used  directly  when  the 
detector  is  connected  with  its  readout  electronics  for 
circuit  simulation.  To  overcome  this  difficulty,  a  sim¬ 
plified  model  using  a  few  current  sources  in  parallel 
with  the  device  resistance  has  been  recently  employed 
[2],  However,  this  model  does  not  provide  the  bias  and 
temperature  dependence  of  the  dark  current  and  hence 
it  is  not  applicable  for  a  wide  range  of  operating  con¬ 
ditions.  In  this  paper,  we  describe  a  PSPICE  model 
for  QWIPs,  which  can  be  used  under  different  operat¬ 
ing  conditions.  The  operation  of  QWIP  can  be  repre¬ 
sented  by  two  equations  that  take  into  account  the  dark 
current  and  photocurrent  as  a  function  of  bias  across 
the  device  and  operating  temperature.  These  equations 
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Fig.  1.  Origin  of  dark  current  (a)  ground  state  sequential  tunnelling, 
(b)  thermally  assisted  tunnelling,  and  (c)  thennionic  emission. 
Also  shown  is  the  photoexcitation  process  (d)  in  a  QWIP. 


can  conveniently  be  incorporated  for  circuit  simula¬ 
tion  using  the  analogue  behaviour  modelling  (ABM) 
technique  in  PSPICE. 


2.  Dark  current 

It  is  well  known  that  the  dark  current  of  a  QWIP 
originates  from  three  main  sources  (a)  sequential  tun¬ 
nelling  of  ground  state  electrons  from  well  to  well, 
(b)  thcnnally  assisted  tunnelling,  and  (c)  thermionic 
emission  of  ground  state  electrons  into  the  continuum 
states  as  illustrated  schematically  in  Fig.  1 .  The  QWIP 
is  normally  operated  at  low  temperature  with  a  rela¬ 
tively  low  bias  across  the  device  to  reduce  the  dark 
current.  Under  these  conditions,  the  dominant  mecha¬ 
nism  responsible  for  the  dark  current  is  the  thermionic 
emission  of  electrons  in  the  well  [3]. 

The  effective  number  of  electrons  that  arc  thermally 
excited  to  the  continuum  states  n^hiV),  is  given  by  [3] 

(1) 

where  is  the  effective  mass  of  electrons  in  the  well. 
Ip  is  period  of  the  quantum  well,  E\  is  the  ground 
state  energy,  V  is  the  applied  bias,  T{E,V)  is  the  tun¬ 
nelling  probability  of  an  electron  through  the  barrier 
and  f{E)  is  the  Fermi-Dirac  distribution  function. 
For  typical  bias  used  in  QWIPs,  the  tunnelling  proba¬ 
bility  !(£’,  V)  can  be  approximated  as  zero  for  E  <  E^ 
and  unity  for  E^E\^,  where  E^  is  the  hairier  height 


measured  from  the  ground  state  [4,5].  With  these 
approximations,  /7ih(F)  is  evaluated  as 


m*,kT 

TZ'hP-Ln 


exp 


-{Ec-E,) 

kT 


(2) 


where  I^c  =  is  the  spectral  cut-off  energy.  The 

Fermi  level  where  Nd  is  the  dop¬ 

ing  concentration  in  the  well  and  Ip  is  the  well  width. 
Thus,  the  dark  current,  Ij,  can  be  calculated  as 


(3) 

where  A  is  the  cross-sectional  area  of  the  QWIP  and 
d(V)  ^  l-iF/y/l  -h  {j-iFIVsf  is  the  electron  drift  veloc¬ 
ity  [6].  In  this  expression,  Vs  is  the  saturated  drift 
velocity  of  electrons  and  F  is  the  average  electric  field 
in  the  active  region  of  the  QWIP. 


3.  Photocurrent 

In  a  QWIP,  optical  transition  occurs  when  an  elec¬ 
tron  in  the  ground  state  of  the  well  absorbs  a  photon 
and  make  a  transition  to  the  continuum  band.  These 
excited  electrons  can  drift  towards  the  contact  under 
an  external  bias,  resulting  in  a  photocurrent,  which  is 
proportional  to  the  incident  infrared  power.  The  pho¬ 
tocurrent  can  be  estimated  by  summing  the  contribu¬ 
tions  from  each  quantum  well  and  taking  into  account 
the  capturing  of  the  excited  electrons  by  another  quan¬ 
tum  well  during  their  drift  towards  the  contact.  Thus, 
the  photocurrent  can  be  estimated  as  the  product  of 
the  number  of  photogenerated  carriers  and  their  prob¬ 
ability  of  reaching  the  contact.  Considering  the  ab¬ 
sorption  due  to  both  the  incident  and  reflected  infrared 
from  the  top  metal  contact,  the  photocurrent.  Ip,  can 
be  expressed  as  [7] 

/p(F)  =  Y, 

_|_g-a(2V-/0^w  _  -ny\)U.-^Q-nL^I\){V)T 

where  Pq  is  the  incident  infrared  power,  hv  is  the 
photon  energy,  a  is  the  absorption  coefficient  assum¬ 
ing  the  absorption  of  light  occurs  only  in  the  well,  N 
is  the  number  of  quantum  wells  and  t  is  the  excited 
carrier  lifetime.  The  terms  in  the  square  bracket  of 
Eq.  (4)  represent  the  absorption  of  the  incident  light 
and  reflected  light  from  the  metal  contact.  In  the  case 
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Fig.  2.  PSPICE  model  for  the  QWIP.  The  two  voltage  sources 
Fp  and  Fj  are  used  to  input  incident  infrared  power  and  detector 
temperature,  respectively,  to  the  model.  In  analogue  behaviour 
modelling,  the  dark  current  and  photocurrent  given  by  Eqs.  (3) 
and  (5)  can  be  incorporated  using  a  VCCS. 


Fig.  3.  Simulated  (solid  lines)  and  experimental  [6]  (solid  circles) 
dark  current  for  the  Ino,3Gao.7As/GaAs  QWIP. 


of  QWIPs,  aLw  <  1  and  under  typical  operating  bias, 
the  mean  free  path  is  much  greater  than  the  period  of 
the  multiple  quantum  wells  (i.e.,  v(V)t  >  Lp)  [3].  Us¬ 
ing  these  approximations,  Eq.  (4)  can  be  simplified  as 


2ePo  ,  v{V)T 

— — aL,v— I — . 
hv  Lp 


(5) 


4.  PSPICE  model  and  results 

It  can  be  seen  from  Eq.  (3)  that  the  dark  current  is 
dependent  of  both  the  bias  and  temperature  while  the 
photocurrent  is  mainly  a  function  of  the  bias  as  given 
in  Eq.  (5).  These  two  equations  can  be  conveniently 
implemented  by  PSPICE  using  the  analogue  behaviour 
modelling  technique  [8]  using  a  voltage  controlled  cur¬ 
rent  source  (VCCS).  The  circuit  model  that  we  have 
constructed  for  the  simulation  of  QWIP  characteris¬ 
tics  is  shown  in  Fig.  2.  The  operating  temperature  of 
the  detector  and  the  incident  infrared  power  are  repre¬ 
sented  by  two  voltage  sources  Vj  and  Vp  attached  to 
the  VCCS,  respectively.  These  voltages  can  be  varied 
in  the  simulation  to  analyse  the  effects  of  temperature 
and  incident  infrared  power  on  the  detector  perfor¬ 
mance.  The  PSPICE  model  is  verified  by  comparing 
the  simulated  results  with  the  experimental  data  of  two 
different  QWIPs  as  described  below. 

The  first  QWIP  [9]  consists  of  50  periods  of 
Ino.3Gao.7As/Ga As  quantum  wells  with  well  width  of 
40  A,  barrier  thickness  of  300  A  and  area  of  3.41  x 
10“^  m“^.  Fig.  3  shows  the  simulated  and  experimen¬ 
tal  dark  current  as  a  function  of  bias  across  the  QWIP. 
The  device  parameters  used  for  the  simulation  are 


Fig.  4.  Simulated  (solid  line)  and  experimental  (solid  circles)  re- 
sponsivity  for  the  Ino.3Gao.7As/GaAs  QWIP  [9].  Also  shown  in 
the  simulated  (dash  line)  and  experimental  (open  circles)  respon- 
sivity  for  the  Alo.25Gao,75As/GaAs  QWIP  [10]. 


Vd  =  2  X  10*^  cm“^  Vs  =  4.5  x  10^  cm  s“^  fi- 
2200  cm^  V“^  and  m*  =  0.054mo,  where  mo  is 
the  free  electron  mass.  The  experimental  data  fits 
well  when  Ec  =  lOSmeV  which  is  in  close  agree¬ 
ment  with  the  reported  value  of  about  110  meV. 
Fig.  4  shows  the  simulated  and  experimental  re- 
sponsivity  (Ip/Po)  of  the  InGaAs/GaAs  QWIP.  The 
measured  absorption  coefficient  1.4  x  lff^cm“' 
at  wavelength  2  =  9.8  pm  and  the  responsivity  data 
as  a  function  of  bias  were  obtained  from  Ref.  [9].  The 
experimental  data  fits  well  with  a  carrier  lifetime  (t) 
of  1  ps  which  falls  within  the  typical  carrier  lifetime 
of  QWIPs  [10,11]. 

The  second  QWIP  [3,12]  composed  of  50  peri¬ 
ods  of  Alo.25Gao.75As/GaAs  quantum  wells  having 


138 


Y.H.  Owe,  G.  Karunasiri  I  Physica  E  7  (2000)  135-138 


Fig.  5.  Simulated  (solid  lines)  and  experimental  [3]  (solid  circles) 
dark  current  for  the  Alo.i.sGao.vsAs/GaAs  QWIP. 

well  width  of  40  A,  bamer  thickness  of  480  A  and 
area  of  3.14  x  10“^  m^.  Fig.  5  shows  the  simu¬ 
lated  and  experimental  dark  current  as  a  function 
of  bias  across  the  GaAs/AlGaAs  QWIP.  The  values 
used  for  simulation  are  =  1.2  x  10^^  cm'^,  Vs  = 
1  X  10^  cm  s^*,  }.i=  1000  cm^  V”‘  and  w*  = 
0.067w()-  The  experimental  data  gives  a  good  agree¬ 
ment  with  Ec  =  106  meV  which  is  in  close  to  the 
reported  value  of  98  meV.  Fig.  4  shows  the  simulated 
and  experimental  responsivity  of  the  QWIP.  The 
measured  absorption  coefficient  a=  1.1  x  10"^  cm“' 
at  wavelength  X  =  9.7  pm  and  the  responsivity  data 
were  obtained  from  Ref.  [10].  The  simulated  respon¬ 
sivity  agrees  well  with  the  experimental  data  with  a 
carrier  lifetime  of  4  ps. 

5.  Conclusion 

In  conclusion,  a  PSPICE  model  for  quantum  well 
infrared  photodetectors  is  developed.  By  using  the 


device  parameters,  bias  dependence  of  the  dark  cur¬ 
rent  and  photocurrent  is  completely  described  by  the 
model.  Temperature  dependence  of  the  dark  current 
is  also  incorporated  into  the  model.  Simulated  results 
obtained  from  the  model  are  in  close  agreement  with 
experimental  data  in  a  wide  range  of  operating  condi¬ 
tions  verifying  the  validity  of  the  model.  This  model 
can  be  easily  integrated  with  the  readout  electronics 
for  circuit  simulations. 
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Abstract 

Infrared  detectors  were  implemented  on  In  As  self-assembled  quantum  dots  fabricated  using  Stranski— Krastanov  growth 
mode  on  InAlAs  matrix,  lattice  matched  to  InP  (001)  substrates.  These  dots  grow  with  a  shape  of  small  elongated  boxes,  with 
their  long  axis  along  the  [f  1  0]  direction,  and  with  a  high  concentration  of  7  x  lO’®  cm~^.  Photoconductive  measurements 
were  performed  in  all  three  polarizations.  Rich  spectra  in  the  range  of  50-500  meV,  with  different  polarization  selection  rules 
were  observed.  The  bias  dependence  of  peak  intensity  of  the  intraband  transitions  serves  as  an  additional  tool  to  identify  their 
origin.  Some  of  the  peaks,  which  increase  linearly  with  bias,  are  attributed  to  bound- to-continuum  transitions.  Others,  which 
appear  only  at  larger  biases,  and  increase  superlinearly,  are  due  to  bound-to-bound  transitions.  The  magnitude  of  detector 
responsivity  at  normal-incidence  is  similar  to  that  obtained  for  polarization  normal  to  the  layers,  and  is  comparable  to  that 
achieved  in  QWIPs.  BLIP  conditions  prevail  at  77  K  for  integral  photocurrent  response  at  F#l.  The  effect  of  unintentional 
doping  is  discussed.  It  is  shown  that  this  doping  can  be  destructive  for  detector  operation  unless  the  density  of  dots  is  large. 
©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Quantum  dots;  Intraband  transitions;  Infrared  detectors 


1.  Introduction 

Recent  studies  have  shown  the  potential  advan¬ 
tages  in  using  quantum  dot  infrared  photodetectors 
(QDIPs)  rather  than  quantum  well  infrared  photode¬ 
tectors  (QWIPs)  to  implement  detectors  [1-5].  There 
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are  two  major  potential  advantages  of  quantum  dots 
over  quantum  wells  as  photodetectors,  namely: 

1 .  Intersubband  absorption  may  be  allowed  at  nor¬ 
mal  incidence.  In  QWIPs  only  transitions  polarized 
perpendicular  to  the  growth  direction  are  allowed,  due 
to  absorption  selection  rules.  The  selection  rules  in 
QDIPs  are  inherently  different,  and  normal  incidence 
absorption  is,  indeed,  observed. 

2.  Thermal  generation  of  electrons  is  significantly 
reduced  due  to  the  energy  quantization  in  all  three 
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dimensions.  Generation  by  LO  phonons  is  prohib¬ 
ited  unless  the  gap  between  the  discrete  energy  levels 
equals  exactly  to  that  of  the  phonon.  This  prohibition 
docs  not  apply  to  quantum  wells,  since  the  levels  are 
quantized  only  in  the  growth  direction  and  a  contin¬ 
uum  exists  in  the  other  two.  Hence  thennal-generation 
or  recombination  by  LO  phonons  results,  with  a  cap¬ 
ture  time  of  few  picoseconds.  Thus,  it  is  expected  that 
S/N  ratio  in  QDIPs  will  be  significantly  larger  than 
that  of  QWIPs. 

In  this  paper  we  present  a  study  on  two  mate¬ 
rial  systems  of  QDIPs.  We  first  present  a  study  on 
a  promising  structure  for  this  application,  based  on 
InAs/InAlAs/InP  material  system  [6].  In  the  second 
study,  the  more  traditional  system  of  InAs/GaAs  dots 
is  used  to  demonstrate  the  significance  of  the  residual, 
unintentional,  doping  in  affecting  the  performance  of 
detectors  based  on  intraband  transitions. 


Fig.  1.  Typical  ex  situ  surface  morphology  of  the  InAs/InAlAs/InP 
dots. 


2.  InAs/  InAIAs/  InP  QDIPs 

2.7.  Experimental  set-up 

In  this  work,  we  investigate  InAs  self-assembled 
quantum  dots.  These  structures  were  grown  using 
Stranski-Krastanov  growth  mode  in  an  MBE  Riber 
2300  reactor.  They  were  composed  of  ten  layers  of 
self-assembled  InAs  dots,  separated  by  400  A  InAIAs 
barrier  layers,  lattice  matched  to  semi-insulating  (0 
01)  InP  substrate  [6].  The  layer  combination  re¬ 
sulted  in  a  high  concentration  of  elongated  QDs 
with  a  unique  shape.  These  dots  grow  with  a  shape 
of  a  flattened  ellipsoids,  around  500  A  long,  300  A 
wide  and  20  A  high,  with  their  long  axis  along  the 
[f  1  0]  direction,  and  with  a  high  dot  concentration 
of  7  X  10*^  cm“^  (see  Fig.  1).  The  bamers  were 
delta-doped  in  their  center  by  Si  at  a  sheet  concen¬ 
tration  of  5  X  lO”  cm“^.  InGaAs  contact  layers, 
5000  A  thick,  n-doped  with  Si  at  a  concentration  of 
1  X  10*^  cm~^  and  8  x  10'^  cm“^,  were  grown  on 
the  top  and  the  bottom  of  the  stiiicture,  respectively. 
The  dots  seem  rather  flat,  but  their  exact  shape  is  not 
accurately  yet  determined  from  the  AFM  image,  as 
the  AFM  images  were  taken  on  uncapped  dot  layers, 
grown  under  the  same  conditions.  It  is  reasonable  to 
assume  that  the  dots  shapes  and  sizes  are  only  slightly 
modified  after  the  deposition  of  the  Ino,52  Alo.48As 


Si  n-doped  10'*cm'^ 

5  dope  Si  5-10''cm’^ 
InAs  dot  layer  10"cm'^ 

0.5pm  InGaAs  n-10'*cm'^ 

Scmi-lnsulating  (100)  InP 


0.5pm  InGaAs 

Vr  - 

- 

20nm  InAIAs  n.i.d 

lOx 

20nm  InAIAs  n.i.d 

i 

20ntn  InAIAs  n.i.d 

Fig.  2.  Schematic  view  of  MBE  grown  layer  structure  and  photo- 
conductive  intersubband  mesa  detector. 


cap  layers,  due  to  a  low  interdiffusion  of  the  element 
III  atoms,  since  the  As  concentration  is  the  same  in 
the  dots  and  in  the  cap  layers. 

Photoluminescence  (PL)  and  normal -incidence  in¬ 
frared  absorption  measurements  were  previously  stud¬ 
ied  on  similar  dots  [7].  A  structured  broad  PL  peak 
was  interpreted  as  an  evidence  to  a  distribution  of  dot 
size  in  the  sample.  A  single  strong  in-plane  intraband 
absorption  in  such  dots,  peaked  around  90  meV  was 
observed,  with  a  remarkably  large  oscillator  strength 
[  f  =  10).  This  peak  is  polarized  perpendicular  to  the 
dot  length. 

Mesa  structure  detectors  were  fabricated  with  an 
area  of  200  x  200  pm^.  50  x  50  pm^  Ti/Au  contacts 
were  evaporated  on  the  InGaAs  contact  layers  (see 
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Fig.  2).  Two  illumination  geometries  were  used.  In 
the  first,  normal  incidence  (front  illumination)  photo- 
conductive  spectra  were  taken.  Light  is  polarized 
either  in  the  [1  10]  direction,  defined  as  the  x-axis, 
in  which  the  electric  field  is  along  the  width  of  the 
dot,  or  in  the  [f  1  0]  direction,  the  j-axis,  where  the 
electric  field  is  along  the  length  of  the  dot.  It  must  be 
emphasized  that,  due  to  the  elongated  shape  of  the 
dots,  absorption  of  radiation  polarized  in  the  x-axis 
could  differ  from  that  at  the  y-axis. 

In  the  second  configuration,  the  samples  were 
cleaved  along  the  [1  10]  and  the  [110]  directions, 
and  were  illuminated  through  a  45° -wedge,  polished 
along  the  [1  1  0]  direction.  In  this  configuration,  two 
polarizations  of  the  incoming  IR  beam  are  possible. 
In  the  s-polarization  (TE),  the  electric  field  is  parallel 
to  the  width  of  the  dots,  the  x-axis.  In  p-polarization 
(TM),  due  to  the  45°  wedge,  50%  of  the  component 
of  the  electric  field  is  along  the  growth  [001]  direc¬ 
tion,  z-axis,  and  50%  is  in-plane.  Thus,  the  observed 
transitions  are  polarized  both  in  the  y  and  z  direc¬ 
tions.  Here  we  record  spectra  for  polarization  along 
the  height  of  the  dot,  which  is  not  available  in  the 
front  illumination. 


2.2.  Experimental  results 

Photoconductive  spectra  at  24  K  were  measured  us¬ 
ing  a  Mattson  Cygnus  25  FTIR.  Spectra  were  taken 
at  various  biases  and  polarizations.  Front  illumination 
spectra  are  shown  in  Fig.  3a  and  b  for  both  possi¬ 
ble  polarizations.  At  low  bias  voltages,  the  dominant 
photoconductive  peaks  appear  at  about  250  and  340 
meV,  denoted  as  (c)  and  (d),  respectively.  At  low  bi¬ 
ases  these  peaks  are  hardly  affected  by  polarization. 
The  relative  intensity  of  the  peak  (c)  with  respect  to 
that  of  (d)  is  reduced  as  the  bias  is  increased,  and  both 
seem  to  merge  into  one. 

With  increasing  bias,  two  additional  peaks  emerge. 
The  first,  marked  as  (a),  at  100  meV.  The  other,  de¬ 
noted  as  (b),  varied  in  position  for  different  detectors 
on  the  same  wafer  at  the  range  of  150-165  meV. 
The  100  meV  line,  (a),  is  strongly  polarized  along 
the  width  of  the  dot  (along  the  x-axis).  The  second 
peak,  (b),  is  present  at  both  polarizations.  While  the 
dependence  of  the  low-energy  peak  (a)  on  bias  is 
superlinear  throughout,  the  responsivity  of  the  second. 


Fig.  3.  QDIP  spectra  for  front  illumination:  (a)  .x-axis  polarization; 
(b)  y-axis  polarization. 


(b),  changes  from  superlinear  to  linear  at  larger 
biases. 

The  spectra  obtained  with  wedge  illumination  are 
presented  in  Fig.  4a  and  b.  Again  the  measurements 
were  taken  at  various  bias  voltages.  The  strong  volt¬ 
age  dependence  of  the  polarized  peak  (a)  present  at 
front  illumination  is  more  pronounced  in  this  config¬ 
uration.  While  at  low  biases  it  is  practically  absent,  it 
becomes  by  far  the  dominant  at  the  largest  bias.  Once 
again,  when  the  radiation  is  polarized  along  the  length 
of  the  dots  (>^-axis),  this  peak  is  absent.  Here,  peak 
(b)  is  absent  at  lower  bias,  while  at  larger  biases  it 
increases  linearly.  In  the  p-polarization  the  dominant 
peak  at  larger  energies  is  peak  (c),  and  its  shape  hardly 
depends  on  bias. 

The  detector  dark  current,  as  a  function  of  bias  volt¬ 
age,  for  various  temperatures  in  the  range  of  50—110 
K,  is  presented  in  Fig.  5.  Also  shown  is  the  current 
due  to  background  radiation  at  F#l,  at  front  illumi¬ 
nation,  with  the  detector  at  T  =  40  K.  By  comparing 
the  background  curve  to  the  dark  curves,  it  is  possible 
to  conclude  that  background  limited  in  performance 
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Fig.  4.  QDIP  spectra  for  wedge  illumination:  (a)  .v-axis  polariza¬ 
tion;  (b)  -f-  z-axes  polarization. 


Fig.  5.  Dark  currents  and  background  cunent  characteristics. 


(BLIP)  conditions  prevail  up  to  77  K  for  integral  re¬ 
sponse  at  F#1  illumination. 

2.3.  Analysis  and  discussion 

All  the  confined  energy  levels  in  the  dots  are  not 
degenerated,  as  a  result  of  their  non-symmetric  shape. 


Thus,  two  electrons  at  the  most  may  populate  each. 
The  number  of  electrons  per  dot  can  be  estimated  from 
the  ratio  of  the  doping  concentration  in  the  barrier  to 
the  dot  concentration,  assuming  all  free  electrons  re¬ 
side  in  the  dots.  Accordingly  for  the  structure  analyzed 
in  this  work  the  average  number  of  electrons  per  dot 
is  about  7.  Thus,  the  3-4  lowest  levels  are  occupied 
at  low  temperatures.  The  highest  of  them  may  be  par¬ 
tially  populated,  due  to  the  variation  in  dot  size.  In 
the  most  basic  approach  it  is  possible  to  assign  three 
quantum  numbers  to  each  level,  n^  Uy  n^,  associated 
with  the  X,  y  and  z  directions.  Assuming,  to  a  first  ap¬ 
proximation,  that  separation  of  variables  applies,  and 
that  the  dots  have  the  shape  of  parallelepiped  boxes, 
one  may  create  a  schematic  representation  of  the  con¬ 
fined  energy  levels  in  the  conduction  band  of  the  dots. 
This  scheme  is  presented  in  Fig.  6,  together  with  the 
allowed  transitions  that  result  from  this  simplistic  ap¬ 
proach.  This  diagram  gives  a  plausible  interpretation 
to  the  origin  of  the  observed  peaks.  Qualitatively,  this 
scheme  resembles  the  results  of  Dekel  et  al.  [8],  which 
are  based  on  an  eight-band  model. 

All  photoconductive  signals  are  due  to  carriers 
escaping  the  dots  into  the  continuum  and  swept  by 
the  bias.  The  various  peaks  can  be  divided  into  two 
groups.  The  first  group  is  generated  by  bound  to  con¬ 
tinuum  transitions.  Its  peaks  increase  linearly  with 
bias.  The  second  group  consists  of  peaks,  which  ap¬ 
pear  only  at  larger  biases,  and  their  amplitude  shows 
a  superl inear  dependence.  This  group  should  be  asso¬ 
ciated  with  bound  to  bound  transitions,  followed  by 
tunneling 

Peak  (a)  arises  undoubtedly  from  the  same  tran¬ 
sition  as  the  one  reported  by  Weber  et  al.  [7].  It  is 
strongly  polarized  along  the  width  of  the  dots,  the 
jc-axis,  and  shows  a  super  linear  dependence  on  the 
bias.  Thus  it  is  reasonable  to  associate  it  with  a  bound 
to  bound  e2-e5  transition,  that  agrees  with  the  ob¬ 
served  polarization.  Its  energy  is  almost  unchanged  in 
all  samples  under  all  experimental  conditions.  In  con¬ 
trast,  the  other  peaks  have  slightly  different  energies 
for  different  detector  elements,  which  is  interpreted  as 
a  difference  in  average  dot  sizes  along  the  wafer.  Dot 
dimensions  should  less  affect  the  positions  of  deep 
levels  in  the  dots  than  those  of  the  shallow  levels,  a 
further  verification  of  this  interpretation. 

The  interpretation  of  line  (b)  is  less  obvious.  The 
bias  dependence  turns  linear,  it  is  broader,  and  is 
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Fig.  6.  Simplified  schematic  representations  of  the  first  possible  energy  levels  in  the  QD.  An-ows  represent  allowed  transitions  with 
appropriate  polarizations.  Only  transitions  from  occupied  to  unoccupied  transitions  are  indicated.  Peaks  are  polarized  in  the  directions  in 
which  the  an'ows  appear.  Tentative  assignment  of  an'ows  corresponds  to  peaks  described  in  text. 


asymmetric.  Thus  it  is  probably  associated  with  more 
than  one  transition  from  deep  to  a  shallow  bound  state. 
Tentative  transitions,  e3~e6  and  e4-e7  are  x-polarized, 
and  e3-e7  and  e4-e9  are  y-polarized,  as  marked  in 
Fig.  6. 

Both  lines  (c)  and  (d)  are  assigned  to  bound-to- 
continuum  transitions,  since  they  are  basically  lin¬ 
early  dependent  on  the  bias,  and  their  polarization 
selection  rules  are  not  as  strict.  Peak  (d)  is  associate 
with  electrons  excited  from  the  ground  state  el,  while 
peak  (c)  is  due  to  transitions  from  the  partially  pop¬ 
ulated  e3,  e4,  and  possibly  e5  states.  The  effects  of 
polarization  and  bias  on  the  structured  spectra  in  the 
higher-energy  range  of  peaks  (c)  and  (d)  are  not  com¬ 
pletely  understood  yet.  Model  calculations  are  in  the 
working. 


3.  Residual  doping  in  QDIPs 

3.1.  Sample  structure 

An  experimental  structure  of  InAs/GaAs  self- 
assembled  QD  was  prepared.  The  sample  was  not 
rotated  during  the  QD  growth,  thus  a  gradient  in  the 


dot  density  was  formed  across  the  surface.  Samples 
were  grown  with  10  layers  of  In  As  QDs  separated  by 
50  nm  GaAs  barriers.  GaAs  contact  layers  were  grown 
on  the  bottom  and  the  top  of  the  quantum  structure. 
There  was  no  intentional  doping  in  the  entire  quantum 
structure,  except  for  the  contact  layers. 

200  X  200  pm^  mesa  detectors,  similar  in  structure 
to  those  described  in  Section  2.1  were  implemented 
on  three  different  sites  on  the  wafer.  The  concen¬ 
tration  of  dots  varies  between  the  groups:  high  den¬ 
sity  (HD,  2-4x10'^  cm“^),  medium  density  (MD, 

10^  cm“^),  and  low  density  (LD,  10^  cm"^). 
Alloyed  AuGe/Ni/Au  100  x  100  pm^  contacts  were 
formed  on  top  and  bottom  of  the  structure. 

3.2.  Experimental  results 

Photoluminescence  spectra  of  the  HD  sample  taken 
at  77  K  show  a  strong  peak  at  1.32  eV  due  to  inter¬ 
band  transition  in  the  dots,  and  a  weaker  one  1 .44  eV, 
attributed  to  recombination  in  the  wetting  layer.  The 
GaAs  luminescence  line  appears  at  1.51  eV.  Similar 
peak  transition  energies,  but  with  narrower  line  widths, 
were  found  for  samples  MD  and  LD,  showing  that 
average  dot  sizes  are  similar  in  all  samples. 
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Vb  (V) 

Fig.  1. 1-V  characteristics,  and  difTcrential  resistance  of  high  den¬ 
sity  (HD,  medium  density  (MD,  ~  cm“-), 

and  low  density  (LD,  10^  cm““)  InAs/GaAs  QDs. 


The  resistance  of  the  three  detectors  varies  greatly 
with  dot  density.  The  HD  group  shows,  at  77  K,  a 
uniform  resistance  of  about  300  MD  at  zero  bias. 
For  MD  samples  the  measured  resistances  is  much 
lower,  and  much  more  dispersed,  in  the  range  of 
50  kD  to  50  MD,  mostly  in  the  lower  end.  The  re¬ 
sistance  of  the  LD  samples  is  again  lower  by  several 
orders  of  magnitude  and  it  is  in  the  range  of  100  D 
to  100  kD. 

Current  and  differential  resistance  as  a  func¬ 
tion  of  voltage  are  shown  in  Fig.  7  for  three 
detectors,  one  from  each  group.  The  HD  sam¬ 
ple,  shows  a  clear  back-to-back  diode  character¬ 
istic,  while  the  LD  detector  shows  almost  ohmic 
behavior. 

Spectral  response  measurements  at  77  K  were  taken 
both  for  front  and  wedge  illuminations.  Typical  spec¬ 
tra  for  the  HD  and  MD  samples  are  shown  in  Fig.  8. 
The  spectra  of  the  MD  samples  consist  of  a  single 
peak,  centered  at  about  0.2  eV,  while  those  of  the  HD 
samples  show  a  double  peak.  The  first  peak  is  identi¬ 
cal  to  that  of  the  MD  sample,  and  the  second  is  located 
at  about  0.22  eV.  This  indicates  that  while  the  dot  size 
in  the  MD  samples  is  quite  uniform,  there  is  double 
distribution  of  dot  size  in  the  HD  samples.  The  spectra 
are  completely  unpolarized,  with  the  same  waveform 
obtained  in  all  configurations.  No  signal  could  be  ob¬ 
served  for  the  LD  sample.  The  low  resistivity  gener¬ 
ated  a  large  noise  current,  prohibiting  observation  of 
a  signal. 


Energy  (meV) 

Fig.  8.  Spectral  response  of  HD  and  MD  samples  with  front  (F) 
and  wedge  (W)  illuminations. 


3.3.  Discussion 

This  set  of  experiments  is  aimed  at  emphasizing  the 
importance  of  unintentional  background  doping  on  de¬ 
vice  performance.  It  is  shown  that  in  samples  with  low 
dot  density,  the  presence  of  unintentional  doping  can 
be  destructive  and  prevent  the  use  of  the  device.  Opti¬ 
mization  of  doping  and  dot  concentration  is  essential 
in  order  to  achieve  the  desired  performance. 

4.  Conclusions 

Intraband  transitions  in  quantum  dots  were  stud¬ 
ied  by  implementing  infrared  detectors  and  study¬ 
ing  their  photoconductivity  as  a  function  of  applied 
bias  and  polarization.  Both  perpendicular  and  wedge 
illuminations  were  investigated.  Complex  spectra 
show  different  types  of  lines,  attributed  to  both 
bound-to-continuum,  and  bound-to-bound  followed 
by  tunneling,  transitions. 

The  present  results  are  compared  to  absorption 
measurements  performed  on  similar  structures,  in 
which  only  one  bound-to-bound  polarized  transition 
was  observed.  The  combination  of  photoconductivity 
and  photo-induced  absorption  gives  complementary 
information.  It  is  easier  to  identify  bound-to-bound 
transitions  and  estimate  their  oscillator  strengths  using 
IR  transmission.  On  the  other  hand,  photoconductiv¬ 
ity  spectrum  is  usually  richer,  giving  easier  access  to 
bound-to-continuum  transitions  as  well. 
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A  tentative  assignment  of  the  transitions  is  based 
on  a  simplified  model  based  on  separation  of  wave- 
functions.  A  more  thorough  analysis  has  to  be  com¬ 
pleted,  using  a  more  comprehensive  eight-band  k  •  p 
model.  Unlike  QWIPs,  it  is  obvious  that  infrared  de¬ 
tectors  based  on  quantum  dots  can  perform  well  with 
front  illumination. 

The  effect  of  residual  doping  must  be  taken  into 
consideration  when  designing  QDIPs.  In  epitaxial  lay¬ 
ers  in  GaAs/AlAs  systems  the  unintentional  doping  is 
frequently  in  the  range  of  lO'^  cm“^  or  higher.  Under 
such  conditions,  it  is  possible  that  the  concentration  of 
earners,  which  remains  in  the  barrier,  due  to  satura¬ 
tion  of  the  dots,  is  large  enough  to  effectively  shorten 
the  device.  Hence,  the  dark  current  increases  to  the 
extent  that  the  signal  cannot  be  observed.  Moreover, 
filling  lower  levels  in  the  dots  changes  the  observable 
transitions  and  the  spectral  response  of  the  detectors. 
All  these  must  be  taken  into  account  when  designing 
QDIPs. 
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Abstract 

Wc  report  on  mid- infrared  photocuiTent  spectroscopy  of  p-doped  Ge  quantum  dots  in  Si.  The  Ge  dots  were  fabricated  by 
self-assembling  in  the  Stranski-Krastanov  growth  mode  using  molecular  beam  epitaxy.  Cross-sectional  transmission  electron 
microscopy  reveals  a  lens-like  dot  shape  with  a  lateral  size  of  about  70  nm.  Photocun-ent  is  obtained  between  200  meV 
(6.2  pm)  and  600  meV  (2.1  pm)  in  waveguide  as  well  as  normal  incidence  geometry  for  measurement  temperatures  up 
to  100  K.  The  strong  high-energy  tail  is  mainly  attributed  to  intra valence  band  transitions  from  states  bound  in  the  Ge 
dots  to  continuum  states.  This  is  supported  by  the  polarization  dependence  of  the  photocurrent  as  well  as  by  interband 
photolumincscencc.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Self-assembled  quantum  dots;  Intersubband  photocurrent;  Quantum  dot  infrared  photodetectors 


The  mid-infrared  spectral  range  is  very  interest¬ 
ing  for  applications  such  as  pollution  monitoring, 
thermography  and  telecommunication.  The  earth  at¬ 
mosphere  has  two  major  transmission  windows  in  the 
range  of  about  3-5  and  of  8-14  pm.  The  development 
of  lasers  and  detectors  for  this  spectral  range  has  thus 
been  a  major  topic  in  applied  semiconductor  research 
during  the  last  few  years.  Efficient  quantum  well  in¬ 
frared  photodetectors  (QWIPs)  have  been  developed 
mainly  on  Ill-V-semiconductor  materials  [1-3]  using 
intersubband  transitions  between  confined  states  in  the 
conduction  band.  A  major  limitation  of  such  QWIPs 
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based  on  an  electron  system  is  the  weakness  of  nor¬ 
mal  incidence  absorption  without  grating  couplers. 
This  limitation  is  not  very  serious  for  highly  p-doped 
QWIPs  utilizing  hole  transitions  between  confined 
states  in  the  valence  band  [4,5].  The  efficiency  may 
be  further  enhanced  in  quantum  dot  infrared  pho¬ 
todetectors  (QDIPs),  where  the  confinement  potential 
is  three  dimensional.  Such  QDIPs  were  predicted  to 
have  some  important  advantages  over  QWIPs  such  as 
a  reduced  dark  current  and  higher  electric  gain  [6]. 
Recently,  some  QDIPs  on  the  InGaAs/GaAs  material 
system  have  been  presented.  The  intrinsic  capability 
of  normal  incidence  detection  could  be  demonstrated 
[7,8],  but  concerning  other  important  features  such 
as  responsivity  or  dark  current,  these  devices  need 
further  improvement. 
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Self-assembled  quantum  dots  can  also  be  grown 
with  Ge  on  Si  in  the  Stranski-Krastanov  growth  mode 
because  of  the  4%  difference  in  the  lattice  constants 
[9,10].  However,  small  dots  are  difficult  to  grow  in  this 
material  system.  Typical  dot  sizes  range  between  50 
and  200  nm.  Therefore,  such  dots  do  not  represent  a 
real  zero-dimensional  system  as  they  do  not  have  a 
strong  confinement  in  all  three  dimensions.  Neverthe¬ 
less,  Ge  dots  exhibit  a  much  larger  valence  band  dis¬ 
continuity  than  quantum  wells  because  of  the  higher  Ge 
content  in  the  dots.  The  large  band  discontinuity  makes 
Ge  dots  an  ideal  system  for  normal  incidence  infrared 
detection  in  the  wavelength  range  around  4  pm. 

In  this  paper,  we  report  on  photocurrent  (PC) 
measurements  on  Ge  dots  in  Si  structures  in  normal 
incidence  and  waveguide  geometry.  Photocurrent  as¬ 
sociated  with  transitions  from  bound  hole  states  in  the 
Ge  dots  to  excited  states  is  obtained  for  measuring 
temperatures  up  to  100  K  without  a  significant  de¬ 
crease  of  the  responsivity  compared  to  T  =  20  K.  The 
maximum  of  the  PC  is  at  about  4  pm  and  undergoes 
a  strong  red  shift  with  biasing. 

Three  samples  were  grown  by  molecular  beam  epi¬ 
taxy  (MBE)  at  a  substrate  temperature  ofT  =  550° C 
in  a  commercial  Riber  Siva  32  chamber.  The  active 
region  of  the  samples  consists  of  10  periods  of  doped 
Ge  dots  separated  by  undoped  Si  spacers  of  Z  =  50 
nm  thickness.  The  Ge  dots  were  grown  by  deposi¬ 
tion  of  8  monolayers  of  Ge  at  a  rate  of  0.1  A/s.  To 
provide  carriers  for  intersubband  absorption,  boron 
was  homogeneously  supplied  during  Ge  deposition. 
The  boron  concentrations  for  the  three  samples  are 
5.0  X  10'^  (sample  A),  2.5  x  lO'^  (sample  B)  and 
0.9  X  10^^  (sample  C)  cm“^,  respectively.  For  the 
electrical  measurements,  this  active  region  was  en¬ 
closed  between  two  heavily  boron-doped  (p  =  4.2  x 
10’^/cm“^)  contact  layers  with  thicknesses  of  300 
nm  for  the  bottom  contact  and  100  nm  for  the  top 
contact.  Mesa  structures  of  550  x  550  pm^  were  fab¬ 
ricated  by  standard  photolithograpy  and  wet  chemical 
etching.  For  the  bottom  contact,  a  standard  AlAu 
metallization  was  used  whereas  TiAu  was  used  for 
the  top  contact  to  avoid  A1  spiking  through  the  active 
region.  A  250  x  250  pm^  window  was  left  open  in 
the  top  contact  for  light  coupling  in  normal  incidence 
geometry.  For  measurements  in  waveguide  geom¬ 
etry,  a  38°  facet  was  polished  to  the  samples  after 
processing. 


For  structural  characterization,  atomic  force  mi¬ 
croscopy  (AFM)  measurements  and  high-resolution 
transmission  electron  microscopy  (HRTEM)  were 
performed.  For  the  AFM  measurements,  a  reference 
sample  was  grown  at  which  the  Ge  dots  were  left 
uncapped.  They  reveal  a  typical  dot  diameter  of  about 
75  nm  and  a  dot  height  of  7.5  nm.  The  density  is 
determined  to  be  4.4  x  10^  cm“^.  Together  with  the 
nominal  doping  concentrations,  the  number  of  dopant 
atoms  per  dot  is  133,  65  and  23  for  the  samples  A,  B 
and  C. 

A  HRTEM  image  is  shown  in  Fig.  1.  From 
HRTEM,  the  diameter  of  the  overgrown  dots  was 
determined  to  be  about  70  nm  and  the  height  6.5 
nm.  No  dislocations  were  found  in  the  samples.  In 
the  HRTEM  image,  the  different  quality  of  the  Si/Ge 
interface  at  the  bottom  and  at  the  top  side  of  the  dot 
is  visible.  Whereas  the  bottom  interface  is  sharp,  the 
top  interface  is  smeared  out  due  to  segregation  during 
overgrowth. 

Fig.  2  shows  a  photoluminescence  (PL)  spectrum 
of  sample  A  taken  at  T  =  6  K.  Beneath  the  Si  re¬ 
lated  luminescence  between  1.0  and  1.2  eV,  Ge  dot 
related  luminescence  is  observed  at  0.82  eV.  Since 
Ge  dot  luminescence  is  regarded  as  a  spatially  type-II 
transition,  the  recombination  occurs  between  the  hole 
ground  state  of  the  Ge  dots  and  the  Si  conduction 
band  edge.  Thus,  assuming  that  the  dot  luminescence 
mainly  arises  from  a  no-phonon  transition,  the  energy 
difference  between  the  ground  state  of  the  dot  and  the 
Si  valence  band  edge  is  about  340  meV.  The  FWHM 
of  the  luminescence  is  about  70  meV,  reflecting  the 
size  distribution  of  the  dots. 

For  the  photocurrent  measurement  a  set-up  consist¬ 
ing  of  a  glow  bar  coupled  to  a  grating  monochromator 
was  used.  Light  was  focussed  onto  the  sample  using 
KRS5  optics  and  a  gold  mirror.  To  avoid  absorption 
from  ambient  air,  the  beam  path  was  purged  with  dry 
nitrogen.  The  sample  was  mounted  on  the  cold  finger 
of  a  He  flow  cryostat  equipped  with  a  KRS5  window. 
A  current  amplifier  and  standard  lock-in  technique 
were  used  to  detect  the  photocurrent.  The  raw  spectra 
were  normalized  by  the  lamp  spectrum  recorded  with 
a  calibrated  pyroelectric  detector  with  flat  spectral  re¬ 
sponse. 

Fig.  3  shows  normal  incidence  PC  spectra  of  sam¬ 
ple  B  for  different  bias  voltages  taken  at  T  :=  20  K.  At 
the  low-energy  side  of  the  spectra,  the  photocurrent 
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Fig.  1.  HRTEM  image  of  a  Gc  dot  in  Si.  The  dimensions  of  the  dot  arc  about  70  nin  diameter  and  6.5  nm  height.  The  white  marker  bar 
corresponds  to  Z  =  20  nm. 


Fig.  2.  PL  spectrum  of  sample  A  taken  at  T  —  6  K.  The  FWHM 
of  the  dot  related  PL  at  0.82  eV  is  70  mcV.  The  Si-related 
peaks  arise  from  recombination  processes  involving  a  TO-phonon 
(1.10  cV)  and  a  TO  as  well  as  a  T-phonon  (1.04  cV). 

intensity  increases  rapidly  whereas  it  gradually  de¬ 
creases  on  the  high-energy  side. 

To  get  a  better  understanding  on  the  nature  of  this 
normal  incidence  photocurrent  spectra,  measurements 
with  polarized  light  were  carried  out  in  waveguide 
geometry  (see  Ref.  [11]).  For  TM  polarized  light, 
an  intense  maximum  is  observed  at  about  330  meV 
which  is  attributed  to  transitions  from  the  ground 
state  of  the  dots  to  the  states  near  the  Si  valence 
band  edge.  The  transition  energy  obseiwcd  is  con¬ 
sistent  with  the  results  obtained  from  PL.  On  the 
low-energy  side,  the  PC  intensity  decreases  quickly 
whereas  an  exponential  decrease  on  the  high-energy 
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Fig.  3.  Intersubband  photocurrent  spectra  of  sample  B  taken  at 
r  -  20  K  for  different  bias  voltages.  With  increasing  bias,  the 
photocun'cnt  spectra  undergo  a  strong  red  shift.  Note  the  nonva¬ 
nishing  photocun'ent  for  0  V  bias. 

side  is  observed.  For  geometrical  reasons,  the  TM 
mode  contains  z  as  well  as  xy-polarized  compo¬ 
nents  of  the  electromagnetic  field.  For  TE  polarized 
light,  the  photocurrent  obtained  is  nearly  constant 
over  a  range  from  about  330  to  more  than  450 
meV  and  drops  only  slightly  for  energies  up  to  600 
meV.  The  spectrum  is  very  similar  to  the  spec¬ 
tra  obtained  in  normal  incidence  geometry.  Note 
that  the  ratio  between  the  PC  intensity  in  TM  and 
in  TE  polarization  is  about  2:1  for  our  Ge  dot 
samples. 
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Fig.  4.  (a)  Bias  dependence  of  the  cut  on  energy  of  the  photocurrent  for  samples  A,  B  and  C.  (b)  Schematic  picture  of  the  asymmetric 
valence  band  offsets  of  Ge  dots  in  different  electric  fields. 


In  Fig.  3  a  clear  red  shift  of  the  PC  maximum 
as  well  as  of  the  cut  on  energy  is  observed  when 
the  bias  is  increased.  This  red-shift  occurs  for  both 
polarities.  The  cut  on  energy  at  normal  incidence 
is  plotted  in  Fig.  4(a)  as  a  function  of  bias  for  all 
the  three  samples  at  T  =  20  K.  For  positive  applied 
bias,  the  red-shift  is  a  little  stronger  for  all  sam¬ 
ples  then  for  negative.  A  possible  explanation  for 
this  behavior  is  the  quantum-confined  Stark-effect 
in  combination  with  band  bending  in  the  electric 
field  when  the  Ge  dots  are  treated  as  asymmetric 
local  quantum  wells  with  a  quasi-two-dimensional 
density  of  states.  As  depicted  in  Fig.  4(b),  the  band 
offset  at  the  top  interface  of  the  dot  is  smaller  than 
on  the  bottom  side  due  to  segregation  and  the  dot 
shape.  For  negative  electric  field,  i.e.  if  negative 
voltage  is  applied  to  the  top  contact  with  respect 
to  flat  band  conditions,  the  asymmetry  of  the  dots 
has  to  be  compensated  by  the  field  and  the  red-shift 
is  not  so  strong  as  that  for  positive  electric  field. 


In  Fig  4(a),  the  influence  of  the  doping  level  on 
the  photocurrent  spectra  can  also  be  seen:  With 
increasing  doping  level  within  the  dot,  the  cut  on  en¬ 
ergy  of  the  photocurrent  decreases.  This  is  explained 
by  band  filling  assuming  that  the  cut  on  energy  cor¬ 
responds  to  the  energy  difference  between  the  Fermi 
level  within  the  dot  and  the  Si  valence  band  edge.  In 
a  simplified  model  we  calculated  the  Fermi  level  of  a 
dot  with  70  nm  diameter  assuming  a  two-dimensional 
density  of  states  and  only  one  subband.  We  find  that 
changing  the  number  of  holes  per  dot  from  65  to 
133  leads  to  an  increase  of  the  Fermi  level  of  about 
10  meV,  which  is  of  the  same  order  of  magnitude 
as  the  differences  in  the  cut  on  energies  determined 
experimentally. 

Photocurrent  in  normal  incidence  has  been  mea¬ 
sured  for  temperatures  of  20,50  and  100  K.  It  shows 
that  the  responsivity  does  not  significantly  decrease 
even  zXT  —  100  K.  No  temperature-related  shift  of  the 
PC  peaks  is  observed. 
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Dark  current  measurements  were  performed  for 
temperatures  between  5  and  120  K.  For  all  temper¬ 
atures,  the  dark  current  flowing  for  positive  applied 
bias  is  lower  than  for  negative.  At  T  =  5  K,  the  dark 
current  is  below  10  pA  for  voltages  smaller  than 
±5  V.  At  T  =  80  K,  the  dark  current  does  not  ex¬ 
ceed  1  nA  for  voltages  below  ±1  V.  The  dark  cur¬ 
rent  spectra  for  temperatures  between  5  and  100  K 
show  characteristic  kinks.  Below  the  voltage  at 
which  the  kink  occurs,  the  dark  cuirent  only  increases 
slightly  whereas  it  increases  exponentially  with  volt¬ 
age  for  V  >  Km.  With  increasing  temperature,  the 
voltage  Km  at  which  the  kink  occurs  decreases.  For 
120  K,  no  kink  is  observed  anymore.  Similar  kinks 
were  observed  by  Xu  et  al.  for  InGaAs  dots  [12]. 

In  summary,  mid-infrared  photocurrent  measure¬ 
ments  on  Ge  dots  in  Si  structures  were  performed. 
The  obtained  transition  energies  strongly  depend 
on  bias  voltage  and  on  the  doping  level  within  the 
dot.  The  results  may  be  qualitatively  described  by 
a  model  of  local  asymmetric  quantum  wells  with  a 
quasi-two-dimcnsional  density  of  states.  Neverthe¬ 
less,  our  samples  exhibit  some  features  characteristic 
of  quantum  dots  such  as  reduced  dark  current,  nearly 
equal  PC  intensities  for  TM  and  TE  polarized  light 
in  waveguide  geometry  and  a  very  good  temperature 
stability  of  PC.  All  these  features  make  Ge  dots  in 
Si  a  very  promising  system  for  normal  incidence 
quantum  dot  infrared  photodctectors. 
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Abstract 

We  present  pump-mid-infrared-probe  measurements  in  InAs/InAlAs  self-organized  quantum  dots  allowing  to  isolate  the 
electron  dynamics.  By  tuning  the  probe  to  an  intraband  transition  in  the  conduction  band  at  13  pm,  we  measured  a  characteristic 
time  of  3  ps  for  the  electron  capture  from  the  barrier  to  the  ground  state  of  the  dots  at  low  excitation  densities.  At  higher 
densities,  this  capture  time  decreases  to  1.5  ps  indicating  the  contribution  of  Auger-like  processes.  ©  2000  Elsevier  Science 
B.V.  All  rights  reserved. 

Keywords:  Capture;  Relaxation;  Mid-inffared  femtosecond  measurements;  InAs/InAlAs  quantum  dots 


The  Stranski-Krastanov  growth  mode  provides 
high-quality  semiconductor  quantum  dots  (QD).  In¬ 
tensive  investigations  in  these  dots  have  been  mo¬ 
tivated  by  promising  QD  properties  such  as  the 
^-function-like  density  of  states  and  by  the  perspec¬ 
tive  of  realizing  QD  devices  like  low-threshold  QD 
lasers.  The  physics  of  carrier  dynamics  is  of  par¬ 
ticular  importance  for  devices  especially  because 
of  the  predicted  “phonon  bottleneck”  effect  [1,2],  a 
drastic  slow-down  of  the  relaxation  process  due  to 
the  discrete  nature  of  the  electronic  energy  levels. 
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E-mail  address:  peronne@enstay.ensta.ff  (E.  Peronne) 
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However,  short  capture  and  relaxation  times  have 
been  measured  in  QD  structures  and  explained  in 
terms  of  Coulomb  collisions  between  electrons  or 
electrons  and  holes  [3,4]. 

In  this  work,  we  study  the  electron  dynam¬ 
ics,  for  different  carrier  densities,  in  self-organized 
InAs/InAlAs  quantum  dots  at  room  temperature  using 
femtosecond  pump-mid-infrared-probe  transmission 
experiments.  The  pump  excites  electron-hole  pairs  in 
the  barrier,  while  the  probe  is  tuned  in  the  mid-infrared 
range  to  the  transition  between  the  ground  state 
(El)  and  an  excited  electronic  state  of  the  QDs 
(see  Fig.  1).  In  contrast  to  other  differential  trans¬ 
mission  [3]  or  photoluminescence  reports  [5],  where 
the  signal  reflects  the  dynamics  of  both  electrons  and 
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Fig.  1.  Left:  Typical  atomic-forcc-microscopy  image  of  an  un¬ 
capped  QD  plane.  Right:  Schematic  diagram  of  the  QD  potential. 
The  interband  transition  energy  (Ei-H))  was  detennined  by  cw 
photoluminesccnce  [7],  while  the  intraband  transition  energy  was 
obtained  from  photo-induced  absor]')tion  [7]  as  well  as  photocur- 
rent  [8]  measurements. 


holes,  these  experiments  are  sensitive  to  the  capture 
and  relaxation  of  electrons  only. 

The  sample  was  grown  at  525'’C  on  a  semi-insulating 
InP  (001)  substrate  using  solid-source  molecular 
beam  epitaxy.  A  0.5-pm  thick  Ino.52Alo.48As  buffer 
layer  is  followed  by  ten  undoped  planes  of  3  mono- 
layers  (ML)  In  As  separated  by  50-nm  Ino.52Alo.48  As 
barriers.  The  3%  lattice  mismatch,  which  is  two  times 
smaller  than  that  in  the  well-studied  InAs/GaAs  sys¬ 
tem,  the  InAlAs  surface  morphology  and  the  growth 
conditions  (3  x  lO'^Uon*  arsenic  pressure  and  0.22 
ML/s  growth  rate)  lead  to  a  full  coverage  of  the  surface 
with  InAs  islands  [6].  The  atomic-force-microscopy 
(AFM)  image  (sec  Fig.  1)  shows  a  7  x  10^^  cm"^ 
density  of  elongated  islands  aligned  in  the  [  -  1  1  0] 
direction  with  an  average  in-plane  size  of  56  ±  11  nm 
along  the  [  -  1  1  0]  (y-axis)  and  31  ±  6  nm  along  the 
[110]  (x-axis)  and  with  a  broad  height  distribution 
centered  at  1 .5  nm,  0.6-nm  wide  at  half  maximum. 

In  our  previous  work,  the  cw  optical  properties 
of  this  sample  have  been  characterized  by  means  of 
photoluminesccnce,  photoluminescence  excitation 
spectroscopy  and  photo-induced  infrared  absorption 
spectroscopy  [7].  The  sample  exhibits  mid-infrared 
QD  absorption  around  89  meV,  strongly  polarized 
along  the  x-axis,  corresponding  to  an  intraband  tran¬ 
sition  in  the  conduction  band  [7].  The  width  of  the 


intraband  absorption  peak  was  attributed  to  the  size 
distribution  of  the  QDs.  The  electronic  nature  of  the 
transition  was  confirmed  by  the  fact  that  this  ab¬ 
sorption  occurs  only  in  n-doped  samples  and  not  in 
p-doped  ones.  Photoconductivity  experiments  have 
confirmed  the  existence  of  this  intraband  transition 
and  attibuted  it  to  a  bound-to-bound  transition  [8]. 
Fig.  1  depicts  the  energy  diagram  of  the  QDs  at  300 
K.  The  oscillator  strength  associated  with  this  in¬ 
traband  transition  was  estimated  to  be  around  10.7, 
which  is  comparable  to  that  of  conduction  intersub¬ 
band  transitions  in  the  GaAs  quantum  wells  [7]. 

To  directly  probe  this  intraband  transition,  we  use 
a  200-kHz  Ti :  sapphire  regenerative  amplifier  (Co¬ 
herent  RegA)  which  produces  4-pJ  pulses  at  808  nm. 
The  output  is  split  into  two.  The  first  beam  generates 
a  white-light  continuum  used  to  seed  a  double-stage 
optical  parametric  amplifier  which  is  pumped  by 
the  second  beam.  A  difference-frequency-generation 
stage  follows:  the  signal  (1.2-1. 6  pm)  and  idler  (1.6 
-2.4  pm)  are  focused  in  a  type-II  AgGaS2  crystal  to 
produce  3-13  pm  tunable  mid-infrared  pulses  [9,10]. 
We  mechanically  chopped  the  pump  and  the  probe 
beams  and  used  a  lock-in  detection  to  measure  the 
differential  transmission  (DT)  signal.  While  the  car¬ 
riers  are  injected  in  the  barrier  by  an  808  nm  pump, 
the  probe  is  tuned  to  the  intraband  transition  around 
13  pm  (see  Fig.  1).  The  pump  and  probe  durations 
were  about  200  fs. 

Fig.  2  shows  the  DT  for  two  different  QD-sample 
orientations.  Based  on  the  cw  infrared  absorption  ob¬ 
served  in  doped  samples  [7],  we  estimated  the  carrier 
density  to  be  around  0.5  electrons  per  dot  for  a  pump 
energy  of  0. 1  nJ.  When  the  probe  is  polarized  along 
the  y-axis,  the  signal  is  composed  of  a  rapid  rise  fol¬ 
lowed  by  a  slow  decay.  We  attribute  this  signal  to 
free-carrier  (FC)  absorption  (in  the  buffer  and  barrier 
layers  and  the  substrate)  and  its  decay  time  of  about 
120  ps  to  free-carrier  recombination.  This  is  confirmed 
by  the  quite  similar  DT  of  a  bulk  InP  sample  (see  in¬ 
set  of  Fig.  2).  A  300-fs  resolution  was  deduced  from 
the  rise  time  of  the  DT  in  InP.  As  expected  from  our 
previous  results  [7],  when  the  probe  is  x-polarized, 
the  DT  signal  is  seven  times  stronger  than  in  the  case 
of  a  y-polarized  probe.  The  difference  between  the 
two  polarizations  is  due  to  the  QD  absorption  at  the 
intraband  transition  and  is  visible  through  the  rising 
signal  superimposed  on  the  FC  step-like  signal.  Thus 
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Fig.  2.  Differential  transmission  of  the  QD-sample  as  a  function  of 
pump-probe  delay  for  a  probe  wavelength  of  13  pm  and  for  probe 
polarizations  along  a:  and  y.  The  pump  pulse  energy  was  O.I  nJ. 
The  inset  shows  the  differential  transmission  of  an  InP  substrate. 


we  have  direct  access  to  the  population  difference  be¬ 
tween  the  two  QD  electron  states.  The  fact  that  the 
signal  remains  practically  constant  at  long  delay  times 
shows  that  the  intraband  transition  occurs  between  the 
ground  electron  state  Ei  and  an  excited  electron  state. 
This  is  further  confirmed  by  the  observation  of  this 
transition  under  continuous  excitation  [7]. 

We  expect  the  electrons  excited  in  the  barrier  to  be 
captured  in  the  excited  confined  QD  states  and  then 
relax  to  the  ground  state  E]  (Capture  directly  to  Ei  was 
predicted  to  be  less  probable  [11].)  Thus,  the  rise  time 
of  the  x-polarized  DT  reflects  an  effective  capture  time 
from  the  barrier  into  the  ground  state  via  capture  and 
subsequent  relaxation  from  the  excited  states  to  the 
ground  state.  It  is  in  this  sense  that  the  word  capture 
will  be  used  in  the  following. 

In  order  to  confirm  the  above  results,  we  performed 
the  experiment  at  different  probe  wavelengths.  Fig.  3 
shows  the  x-polarized  DT  signal  for  a  0.5-nJ  pump 
energy  and  three  different  wavelengths:  one  is  tuned 
far  from  the  absorption  region,  at  7.1  pm,  a  second 
on  the  high-energy  side  of  the  absorption  peak,  at 
10.5  pm,  and  the  third  is  tuned  to  the  absorption  maxi¬ 
mum  at  13  pm.  At  7. 1  pm,  the  signal  is  due  only  to  FC 
absorption,  is  polarization  independent,  and  has  the 
same  shape  as  those  for  InP  and  the  >^-polarized  DT 
(see  Fig.  2).  The  signal  at  13  pm  is  much  larger  than  at 
10.5  pm.  Even  though  the  FC  absorption  also  grows 
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Fig.  3.  Differential  transmission  as  a  function  of  pump-probe  de¬ 
lay  for  a  pump  pulse  energy  of  0.5  nJ  and  for  three  different  probe 
wavelengths:  7.1,  10.5,  and  13  pm.  The  probe  polarization  was 
along  X.  The  inset  shows  the  signals  at  10.5  and  13  pm  after  sub¬ 
traction  of  the  y-polarized  differential  transmission  together  with 
exponential  fits  using  time  constants  of  6  and  3  ps,  respectively. 


with  wavelength,  this  signal  increase  is  mainly  due 
to  the  increase  of  the  QD  absorption.  We  have  sub¬ 
tracted  the  jp-polarized  DT  from  the  x-polarized  one 
in  order  to  eliminate  the  polarization-independent  FC 
signal  and  isolate  the  QD  contribution  and  measure 
the  capture  time. 

The  capture  time  from  the  barrier  to  the  ground 
state  varies  from  6  ps  at  10.5  pm  to  3  ps  at  13  pm 
(see  inset  of  Fig.  3).  Larger  dots  exhibit  lower-energy 
intraband  transitions,  and  this  seems  to  indicate  that 
the  capture  is  faster  in  larger  dots.  However,  we 
cannot  exclude  the  contribution  of  different  intra¬ 
band  transitions  to  the  width  of  the  QD  absorption 
peak.  These  times  are  surprisingly  short  for  the  cap¬ 
ture  and  subsequent  relaxation  between  levels  sep¬ 
arated  by  more  than  the  LO-phonon  energy.  Short 
capture  and  relaxation  times  have  been  observed 
before  [3,4]  and  have  been  attributed  to  Auger-like 
electron-hole  [3]  or  electron-electron  scattering  [4]. 
Recently,  a  continuum  background  of  states  was 
observed  in  InGaAs/GaAs  quantum  dots  and  was 
used  to  explain  the  efficient  carrier  relaxation  [12]. 
Another  possible  explanation  in  our  system  would 
be  a  quantum-wire-like  rather  than  quantum-dot 
potential  as  proposed  in  Ref.  [7]  in  order  to  ex¬ 
plain  the  mid-infrared  absorption  results  in  n-doped 
samples. 
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Fig.  4.  Diflcrcnlial  transmission  for  a  probe  wavelength  of 
13  pm  and  for  dilTcrcnt  pump  pulse  energies.  In  order  to  isolate  the 
contribution  of  the  QD  absorption,  we  show  the  difference  between 
the  .Y-  and  y-polarizcd  signal.  The  dashed  lines  are  exponential 
fits  with  time  constants  3,  2.8,  2.5,  2.3,  and  1 .5  ps,  respectively. 


In  order  to  study  the  effect  of  carrier  density  on  the 
capture  dynamics  of  the  QDs,  we  performed  experi¬ 
ments  with  a  pump-pulse  energy  vaiying  from  0.1  to 
24  nJ  for  an  x-  and  j-polarized  probe  at  13  pm.  The 
difference  of  the  DT  signals  in  the  two  probe  polar¬ 
izations  (x  and  y)  for  several  pump-pulse  energies  is 
depicted  in  Fig.  4  together  with  a  mono-exponential 
fit.  For  the  two  highest  pump-pulse  energies  a  second 
exponential  (with  time  constants  370  and  200  ps)  had 
to  be  used  in  order  to  describe  the  slow  decay  time 
observed.  This  decay  time  is  probably  due  to  electron- 
hole  recombination.  It  should  be  noted,  however,  that 
its  existence  docs  not  modify  the  extracted  capture 
time.  Below  0.5  nJ,  we  measured  a  constant  3-ps  rise 


time  which  then  starts  to  decrease  with  pump  inten¬ 
sity.  When  the  pump-pulse  energy  is  fifty  times  higher, 
the  rise  time  is  divided  by  two  to  obtain  1.5  ps.  This 
decrease  of  the  capture  time  at  high  excitation  densi¬ 
ties  indicates  the  contribution  of  Auger-like  processes 
such  as  Auger  capture  involving  scattering  with  bar¬ 
rier  electrons  [13]  or  intradot  relaxation  through  the 
ejection  of  a  carrier  from  the  QD  [14]. 
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Abstract 

We  have  studied  second-harmonic  generation  at  midinfrared  wavelengths  in  InAs/GaAs  semiconductor  self-assembled 
quantum  dots.  We  show  that  resonant  second-harmonic  generation  associated  with  the  intraband  transitions  of  the  quantum 
dots  can  be  achieved  in  p-type  samples.  Frequency  doubling  is  observed  both  for  a  TM-  and  a  TE-polarized  infrared  excitation. 
A  peak  susceptibility  value  of  2  x  10  ^  m/V  at  168  meV  is  deduced  for  one  quantum  dot  layer.  The  peak  susceptibility 
results  from  the  achievement  of  the  double  resonance  between  the  optical  pump  field  and  the  hi-hg  and  hi-h29  intraband 
transitions.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  78.66.  Fd;  42.65.  Ky;  85.30  Vw 

Keywords:  Self-assembled  quantum  dots;  Intraband  transitions;  Second-harmonic  generation 


Midinfrared  second-order  nonlinear  susceptibilities 
associated  with  intersubband  transitions  have  attracted 
a  considerable  interest  in  recent  years.  Two  factors 
explain  the  enhancement  of  the  nonlinear  suscepti¬ 
bility  in  two-dimensional  heterostructures  by  com¬ 
parison  with  bulk  semiconductors:  (i)  the  large  dipole 
matrix  elements  associated  with  the  intersubband 
transitions;  (ii)  the  wave  function  engineering 
which  allows  the  achievement  of  double  resonance 
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conditions  (i.e.  resonance  between  the  pump  and  har¬ 
monic  energies  and  the  intersubband  transitions)  in 
asymmetric  structures.  Second-harmonic  generation 
at  a  wavelength  close  to  10  pm  was  first  reported  by 
Fejer  et  al.  in  GaAs  quantum  wells  under  an  electric 
field  [1].  This  demonstration  was  shortly  followed  by 
the  report  of  second-harmonic  generation  in  asym¬ 
metric  quantum  wells  [2],  InP-based  quantum  wells 
[3]  or  by  the  demonstration  of  second-harmonic  gen¬ 
eration  at  longer  wavelengths  [4].  Frequency  doubling 
at  midinfrared  wavelengths  was  also  reported  in  the 
valence  band  of  GaAs  quantum  wells  [5]  and  SiGe/Si 
quantum  wells  [6]. 
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Semiconductor  quantum  dots  appear  as  promising 
candidates  to  achieve  large  nonlinear  susceptibilities 
in  the  midinfrared.  By  analogy  with  intersubband  tran¬ 
sitions,  the  dipole  matrix  elements  associated  with  the 
intraband  transitions  of  the  quantum  dots  can  be  large, 
with  typical  dipole  matrix  element  ranging  from  a  frac¬ 
tion  of  nm  to  a  few  nm  [7,8].  Both  z-polarizcd  and 
in-planc  polarized  intraband  transitions  arc  optically 
active  in  the  conduction  band  and  in  the  valence  band. 
Self-assembled  quantum  dots  are  naturally  asymmet¬ 
rical  in  shape,  thus  providing  the  necessary  symmetry 
breaking  to  observe  second-order  nonlinear  suscep¬ 
tibility.  Finally,  the  intrinsic  homogeneous  line  width 
of  the  intraband  transitions  is  predicted  to  be  very 
narrow,  which  is  a  key  feature  for  the  susceptibility 
enhancement  when  the  double  resonance  condition  is 
achieved  [9]. 

In  this  communication,  we  report  on  second-harmo¬ 
nic  generation  in  p-type  InAs/GaAs  self-assembled 
quantum  dots.  The  p-type  quantum  dot  sam¬ 
ple,  grown  by  molecular  beam  epitaxy,  consists 
of  40  InAs  quantum  dot  layers  separated  by  35 
nm  GaAs  barriers.  The  quantum  dot  layers  are 
grown  in  the  middle  of  a  midinfrared  wave¬ 
guide  epitaxially  deposited  on  a  n+-doped  GaAs 
substrate.  The  midinfrared  waveguide  consists  of  a 
5.5  pm  thick  GaAs  core  grown  above  a  5  pm  thick 
Alo.9Gao.i  As  cladding  layer.  The  dot  density  is  around 
4  X  10'^  cm“^.  The  quantum  dots  are  p-doped  with 
a  Beiyllium  <5-doping  layer  (6  x  lO'^  cm““)  located 
2  nm  above  each  InAs  layer.  The  quantum  dots  are 
lens-shaped  and  exhibit  a  much  stronger  confine¬ 
ment  along  the  z  growth  axis  direction.  A  reference 
sample  with  undoped  quantum  dots  was  separately 
used  to  calibrate  the  nonlinear  susceptibility  with  the 
second-order  nonlinear  susceptibility  of  bulk  GaAs. 

Nonlinear  optical  experiments  were  performed  with 
the  free-electron  laser  CLIO.  The  experiments  were 
performed  at  room-temperature.  The  free-electron 
laser  pump  beam  was  injected  through  the  cleaved 
edge  along  the  ( 1  1  0)  direction  of  a  3  mm  long  sam¬ 
ple.  The  maximum  average  power  was  1 .5  mW  and 
the  injected  intensity  around  200  MW  cm”^.  Two  po¬ 
larizers  were  set  in  front  of  the  sample.  The  first  polar¬ 
izer  was  set  at  an  angle  of  45°  while  the  second  po¬ 
larizer  could  be  rotated,  providing  a  method  to  adjust 
the  incoming  polarization.  TM  (TE)  polarization  cor¬ 
responds  to  an  electric  field  along  the  z-growth  axis 


Fig.  1.  Energy  of  the  20  first  confined  states  in  the  valence 
band  as  a  function  of  the  quantum  dot  height.  The  aspect  ratio 
(height/diameter)  of  the  dots  is  0.2.  The  levels  involved  in  the 
experimentally  observed  harmonic  conversion  are  emphasized. 

(in  the  layer  plane),  respectively.  A  sapphire  window 
was  placed  in  front  of  the  InSb  photodetector  to  reject 
the  pump. 

The  confined  energy  states  in  the  quantum  dots  were 
calculated  in  the  effective-mass  approximation.  The 
three-dimensional  Schrddinger  equation  was  solved 
for  the  lens-shaped  quantum  dot  geometry  by  a  finite 
difference  method.  The  energies  of  the  confined  states 
in  the  valence  band  are  shown  in  Fig.  1  as  a  function 
of  the  quantum  dot  height.  Several  intraband  transi¬ 
tions  involving  the  ground  state  are  allowed.  Starting 
from  the  ground  state,  the  largest  dipole  matrix  ele¬ 
ment  is  associated  with  the  hi-h2  transition  (3.45  nm) 
and  is  oriented  in  the  layer  plane.  The  next  allowed 
transition  is  the  hi-h4  transition  with  a  0.75  nm  dipole 
matrix  element  along  the  z  growth  axis.  The  hi-hy 
transition  is  z-polarized  with  a  typical  0.36  nm 
dipole  matrix  element.  Experimentally,  this  tran¬ 
sition  is  found  to  dominate  the  midinfrared  ab¬ 
sorption  spectrum  at  energies  larger  than  90  meV 
[10].  The  hi-hg  transition  is  in-plane  polarized 
(0.15  nm  dipole  length).  A  weak  z-polarized  hi- 
h29  intraband  transition  is  also  predicted.  Although 
the  number  of  confined  states  is  quite  large,  only 
few  transitions  with  non-vanishing  dipole  ma¬ 
trix  elements  can  satisfy  or  be  elose  to  the  dou¬ 
ble  resonance  condition.  As  shown  below,  the 
h|-h8,hH-h29  and  hi-h29  intraband  transitions 
are  associated  with  the  largest  component  of  the 
second-order  susceptibility 
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Fig.  2.  Spectral  dependence  of  the  second-order  nonlinear  sus¬ 
ceptibility  measured  for  a  TE-polarized  pump  (triangles)  and  a 
TM-polarized  pump  (circles).  Note  the  two  different  vertical  scales. 

Fig.  2  shows  a  comparison  between  the  nonlinear 
susceptibilities  measured  in  TE  and  TM  polarizations 
for  the  p-doped  quantum  dot  sample.  Similar  exper¬ 
iments  were  performed  with  the  undoped  reference 
sample.  No  resonances  were  observed  in  the  latter 
case  for  both  polarizations.  The  resonances  observed 
in  the  nonlinear  susceptibility  in  Fig.  2  are  therefore 
associated  with  the  intraband  transitions.  The  largest 
value  of  the  nonlinear  susceptibility  is  obtained  for  a 
TE-polarized  infrared  excitation  with  a  dominant  res¬ 
onance  at  168  meV.  The  peak  susceptibility  in  TM 
polarization  is  roughly  decreased  by  a  factor  of  10 
as  compared  to  the  one  obtained  for  a  TE-polarized 
pump.  Note  that  the  second-harmonic  power  exhibits, 
as  expected,  a  quadratic  dependence  with  the  pump 
power. 

The  susceptibility  amplitude  has  been  calibrated 
by  reference  to  the  susceptibility  of  bulk  GaAs  [11]. 
Because  of  the  weak  overlap  of  the  quantum  dots 
with  the  optimal  mode,  we  have  neglected  the  influ¬ 
ence  of  the  InAs  layers  on  the  bulk  susceptibility. 
The  second-harmonic  power  was  measured  for  the 
undoped  and  doped  quantum  dot  sample  as  a  func¬ 
tion  of  the  second  polarizer  angle.  The  pump  energy 


0  20  40  60  80  100 

e (deg) 


Fig.  3.  Amplitude  of  the  second-harmonic  power  as  a  function  of 
the  angle  of  the  polarizer  set  in  front  of  the  sample.  The  diamonds 
(dots)  correspond  to  the  p-doped  (undoped)  quantum  dot  sample. 
The  full  lines  correspond  to  Eqs.  (1)  and  (2).  The  inset  shows  a 
schematic  diagram  of  the  experimental  configuration. 

was  set  at  168  meV.  For  the  undoped  sample,  only 
the  susceptibility  of  bulk  GaAs  contributes  to  the 
frequency-doubled  signal.  The  angular  dependenee  of 
the  second-harmonic  power  is  shown  in  Fig.  3.  The 
two  curves  exhibit  resonances  at  different  angles.  The 
second-harmonic  power  can  be  expressed  following 
Eqs.  (1)  and  (2)  for  the  doped  and  undoped  sample, 
respectively, 

F2,.a|xSP  sin''  Ocos^e  -  A5)PI,  (1) 

P2<.)a|x.-viP(l  +  3  cos^  d)  sin^  0cos‘*(e  -  45)Pf„,  (2) 

where  6  is  the  angle  of  the  second  polarizer  (0  =  0 
corresponds  to  the  TM  direction).  These  expressions 
are  plotted  as  the  full  curves  in  Fig.  3.  The  quan¬ 
tum  dot  nonlinear  susceptibility  \xixx\  can  be  direetly 
dedueed  from  the  data  presented  in  Fig.  3.  Assum¬ 
ing  IxSl  =  1.9  X  10“'^  m/V  for  bulk  GaAs  [12],  one 
finds  \xzll\  =  1.2  X  10"^  m/V  for  the  p-doped  quan¬ 
tum  dot  sample.  Considering  that  the  overlap  factor 
between  the  40  dot  layers  and  the  midinfrared  con¬ 
fined  optical  mode  is  around  6  x  10”^,  the  experimen¬ 
tal  nonlinear  suseeptibility  for  a  single-quantum  dot 
layer  is  found  as  large  as  2  x  10""^  m/V.  The  peak 
susceptibility  per  quantum  dot  layer  is  three  orders  of 
magnitude  larger  than  the  bulk  GaAs  susceptibility. 
The  susceptibility  amplitude  is  similar  to  the  suscepti¬ 
bilities  reported  so  far  for  intersubband  transitions  in 
quantum  wells. 
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The  spectral  dependence  of  the  second-order  non¬ 
linear  susceptibility  of  the  quantum  dots  can  be  cal¬ 
culated  from  the  energy  dependence  of  the  quantum 
dot  levels  as  reported  in  Fig.  1.  Only  the  second-order 
processes  starting  from  the  ground  state  arc  consid¬ 
ered.  When  the  pump  field  and  the  second  harmonic 
field  arc  in  close  resonance  \vith  the  and  Ej-Ei^ 
intraband  transitions,  the  second-order  susceptibility 
at  an  energy  fuo  can  be  written  for  a  given  quan¬ 
tum  dot  height  h  according  to 


^ _ {dij){dj,){di,) _ 

{tim  -  Eii(h)  -  ir,;/ )i2tuo  - Enih )  -  iJ" ) ’ 

(3) 


where  e  is  the  electronic  charge,  £o  the  vacuum  per¬ 
mittivity,  Fij  the  homogeneous  line  width  (half- width 
at  half-maximum)  of  the  different  intraband  transi¬ 
tions.  Fij  was  taken  equal  to  0.2  meV.  is  the 
three-dimensional  carrier  density  in  the  quantum  dots 
which  is  obtained  by  dividing  the  equivalent  2D  pop¬ 
ulation  of  the  dots  by  the  thickness  of  the  deposited 
In  As  (2  monolayers),  r///  arc  the  intraband  dipole  ma¬ 
trix  elements  corresponding  to  the  E—Ej  transition. 

The  dot  size  dispersion  is  given  by  a  Gaussian  dis¬ 
tribution.  The  mean  dot  height  (4.6  nm)  is  chosen  in 
order  to  fit  the  hi-hy  intraband  energy  which  is  ex¬ 
perimentally  found  to  dominate  the  midinfrared  ab¬ 
sorption  spectrum  [10].  The  spectral  dependence  of 
the  different  components  of  the  nonlinear  susceptibil¬ 
ity  can  be  calculated  by  integrating  the  susceptibility 
over  the  quantum  dot  size  distribution  for  the  distinct 
dipole  allowed  intraband  transitions. 

Fig.  4  shows  the  spectral  dependence  of  the  |xiv.v| 
component  of  the  susceptibility.  This  component  has 
to  be  compared  with  the  susceptibility  measured  in 
TE  polarization.  The  dominant  contribution  which  in¬ 
volves  the  h|-h2  and  hi-h4  intraband  transitions  has 
been  omitted.  The  theoretical  susceptibility  is  domi¬ 
nated  by  a  narrow  peak  at  high  energy.  This  resonance 
involves  the  hi-hs  and  the  h^-h29  intraband  transi¬ 
tions,  which  arc  in-planc  polarized,  and  the  z-polarized 
hi-h2c)  intraband  transition.  The  narrow  line  width 
indicates  that  the  double  resonance  is  achieved  for  a 


fraction  of  the  quantum  dots.  The  peaks  at  lower  en¬ 
ergy  involve  the  hi-h^  and  the  h] -hi 2  intraband  tran¬ 
sitions.  A  comparison  with  the  experimental  spectrum 
shows  that  the  same  features  are  observed  experimen¬ 
tally.  The  theoretical  peak  susceptibility  is  predicted 
at  lower  energy  as  compared  to  the  experimental  one. 
This  can  be  explained  by  the  fact  that  the  hi-hg  tran¬ 
sition  is  predicted  to  occur  at  140  meV  whereas  it 
is  found  experimentally  to  have  its  maximum  at  160 
meV.  The  amplitude  of  the  experimental  susceptibil¬ 
ity  is  around  one  order  of  magnitude  larger  than  the 
calculated  one.  This  is  most  likely  attributed  to  an 
overestimation  of  the  homogeneous  broadening  of  the 
intraband  transitions  or  an  underestimation  of  the 
dipole  matrix  elements.  A  20  peV  homogeneous 
broadening  would  account  for  the  difference. 
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Abstract 

We  present  a  brief  overview  over  some  of  our  recent  theoretical  results  regarding  coherent  control  in  semiconductor 
heterostrutures.  Three  potential  schemes  for  optical  coherent  control  of  electron  intersubband  transitions  in  semiconductor 
heterosti-uctures  are  reviewed.  They  use  the  relative  phase  between  two  external  light  fields  to  manipulate  fundamental  physical 
properties,  such  as  absorption,  optical  gain,  final-state  population,  phonon  emission  rates,  and  emission  of  THz  radiation. 
In  this  paper  we  focus  on  the  coherent  control  of  absorption  (exciton  formation)  using  two  frequency-detuned  light  fields 
in  asymmetric  GaAs/AlGaAs  double  wells.  We  show  that  in  the  short-pulse  regime  the  change  of  relative  phase  amounts 
to  pulse  shaping  which,  in  conjunction  with  excitonic  effects,  allows  substantial  control  of  inter(sub)band  transitions.  In  the 
long-pulse  regime  this  phase  sensitivity  is  lost,  however,  charge  oscillations  between  wells  can  be  induced.  ©  2000  Elsevier 
Science  B.V.  All  rights  reserved. 

Keywords:  Coherent  control;  Semiconductor  quantum  well;  Excitons;  Photoabsorption 


1.  Introduction 

Coherent  control  uses  the  principle  of  quantum 
interference  to  manipulate  the  dynamics  of  a  quan¬ 
tum  system.  The  basic  idea  is  contained  in  Fermi’s 
golden  rule  (as  well  as  Young’s  double  slit  experi¬ 
ment),  which  says  that  in  the  quantum  regime  (wave 
regime)  the  response  of  a  system  in  the  presence  of 
two  perturbations  is,  in  general,  not  equal  to  the  sum 
of  the  responses  to  the  individual  perturbations,  i.e., 

\{i\H,+H2\fy  ^  |(rW,|/>|-  +  K/|//2|/)|^  (1) 
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where  the  Hamiltonians  H\  and  Hi  account  for  two 
different  external  perturbations  which  can  take  the  sys¬ 
tem  from  state  |/)  to  |/).  Rather,  there  is  an  interfer¬ 
ence  term  which  can  be  manipulated  by  adjusting  the 
relative  phase  between  H\  and  Hi. 

In  semiconductors,  coherent  control  has  been 
demonstrated  experimentally  for  a  variety  of  sit¬ 
uations.  Several  coherent  control  schemes  have 
been  explored  and/or  suggested  for  semiconductors. 
Three  such  elementary  schemes  that  we  and  others 
have  explored  are  shown  in  Fig.  1.  Adopted  from 
atomic  physics,  interference  between  single-  and 
multi-photon  absorption  in  Fig,  1(a)  has  been  used 
to  control  the  symmetry  of  final  states  and  transition 
cross  sections  [1].  In  semicondutors,  this  scheme  has 
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Fig.  1.  Illustration  of  three  elcmcntaiy  schemes  for  optically  in¬ 
duced  coherent  control:  (a)  Conventional  scheme  based  on  in¬ 
terference  between  single-  and  multiple-phonon  absoiption,  (b) 
scheme  which  uses  two  light  fields  of  similar  frequency  and  pulse 
shape  with  variable  time-delay  and  polarization,  (c)  three-level 
scheme  which  uses  one  pump-field  and  one  control  field.  The 
latter  couples  the  band  doublet  H — . 


been  used  to  control  pliotocurrcnts  [2,3].  We  have 
proposed  this  scheme  to  control  charge  oscillations 
in  double-quantum  wells  and  the  associated  THz  ra¬ 
diation  [4].  The  basic  idea  here  is  to  control  the  rate 
of  electron-hole  formation  which  directly  controls 
the  amplitude  of  charge  oscillations.  Another  scheme, 
Fig.  1(b)  uses  two  coherent  light  fields  of  variable 
time-delay,  polarization,  and/or  frequency  detuning. 
Hcbcrlc  and  coworkers  have  used  this  scheme  (with 
variable  time-delay  and  relative  polarizations,  but 
equal  frequencies)  to  coherently  control  exciton  for¬ 
mation  (optical  absorption)  and  Faraday  rotation  [5]. 
A  control  scheme  based  on  a  driven  three-level  sys¬ 
tem  has  been  used  to  demonstrate  stimulated  Raman 
adiabatic  processes  in  atomic  systems,  [6]  as  well 
as  electromagnetically  induced  transparency  in  vari¬ 
ous  media  [7-9].  In  semiconductor  heterostructures, 
this  scheme  has  been  predicted  to  provide  a  variety 
of  coherent  control  phenomena,  once  high-intensity 
coherent  microwave  (mw)  fields  become  available. 
These  include  coherent  control  of  final-state  popula¬ 
tion,  optical  absorption,  optical  gain,  and  LO  phonon 
emission  associated  with  electron  intersubband  tran¬ 
sitions  [10-13].  The  physical  mechanism  behind  this 
scheme  is  that  interband  polarization  /+_  between 
the  doublet  -f /-  enters  the  kinetic  equations  for  inter¬ 
band  polarization  between  the  doublet  and  the  third 
subband  (i),  i.c.,  /i,.  The  latter  govern  transitions 
between  i  and  the  doublet.  Hence,  when  the  Rabi 


period  associated  with  the  driven  doublet  is  larger 
than  a  pump  (or  probe)  pulse  coupling  subband  i  to 
the  subband  doublet,  the  phase  of  the  driving  field 
matters.  In  case  of  coherent  control  of  LO  phonon 
emission  in  interband  transitions,  the  electron-phonon 
coupling  plays  the  role  of  the  probe  field,  making  this 
an  effect  without  counterpart  in  atomic  systems  [13]. 

Another  application  of  Eq.  ( 1 )  uses  structural  en¬ 
gineering  of  semiconductor  nanostructures  to  exhibit 
Fano  resonances  [14].  These  arise  when  there  are  two 
or  more  excitation  pathways  from  a  bound  state  to 
a  continuum.  Various  structural  design  studies  have 
been  offered  to  evaluate  the  potential  of  semiconduc¬ 
tors  to  exhibit  Fano  resonances  in  the  absorption  line 
shape  [15-19].  Fano  line  shapes  have  been  used  in 
model  studies  to  explore  the  possibility  of  manipula¬ 
tion  of  optical  gain  in  semiconductors  [20]. 

In  this  paper  we  first  give  a  brief  account  of 
the  theory  we  employ  in  our  calculations.  Then 
we  present  recent  results  on  optical  excitation  of 
a  biased  GaAs/AlGaAs  double  well  using  two 
frequency-detuned  pulses.  In  the  short-pulse  regime, 
it  will  be  shown  that  a  significant  variation  in  absorp¬ 
tion  (exciton  formation)  can  be  achieved  by  variation 
of  the  relative  phase  of  the  two  pulses.  The  phase 
sensitivity  is  intricately  linked  to  excitonic  effects  in 
the  system.  This  phase  sensitivity  disappears  when 
the  pulse  duration  begins  to  exceed  characteristic 
frequencies  of  this  electronic  multi-subband  system. 
However  in  this  case,  charge  oscillations  between  the 
two  wells  can  be  induced  by  proper  choice  of  light 
fields. 


2.  Theoretical  background 

A  theoretical  description  of  coherent  phenom¬ 
ena  and  coherent  control  in  a  semiconductor  clearly 
requires  a  theory  which  goes  beyond  the  standard 
Boltzmann  equation  which  has  been  so  useful  in  the 
rate-equation  regime  of  transport  and  optical  pro¬ 
cesses.  The  two  most  common  approaches  used  are 
non-equilibrium  Green’s  functions  methods  and  the 
density  matrix  approach  [21-23].  Both  approaches 
require  approximations.  Hence,  the  most  useful  ap¬ 
proach  depends  on  the  particular  application.  The 
kinetic  equations  used  in  our  work  were  originally 
derived  within  the  Keldysh  Green’s  function  formal- 
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Fig.  2.  Total  external  electric  field  versus  time  for  two  Gaussian  pulses  of  200  fs  duration  with  zero  time  delay.  Relative  phase  of  the 
lower-relative  to  the  higher-frequency  pulse  is  (a)  A<^  =  0,  (b)  Ac/)  =  njl,  (c)  A0  =  7t,  and  (d)  Ac/)  =  1.5;t. 


ism,  but,  may  equally  well  be  obtained  within  the 
density  matrix  approach  [24,25].  They  account  for 
the  exact  coherent  single-particle  dynamics  as  given 
by  the  free-particle  Hamiltonian  and  the  external  light 
field(s).  In  most  of  our  calculations  the  former  is  for  an 
asymmetric  GaAs-AlGaAs-GaAs  double  well  whose 
electron  subband  splitting  is  controlled  by  a  static 
electric  field,  similar  to  the  structure  originally  used 
to  demonstrate  coherent  charge  oscillations  [26].  The 
free-particle  dynamics  in  the  double  well  is  described 
within  a  multi-subband  approximation,  accounting 
for  the  subbands  involved  in  the  optical  transitions. 

The  system  is  exposed  to  at  least  two  external  light 
fields,  with  examples  illustrated  in  Fig.  1.  The  light 
fields  are  treated  classically  and  their  coupling  to  the 


carriers  is  incorporated  within  the  dipole  approxima¬ 
tion  using  a  Hamiltonian  of  the  form 

^c-LF  =  Y^{aji{kj)cos{mu:t  +  (/)lf) 

Xbf{k7bi{k)  +  \\.C.}. 

Here  «e-LF(^,0  proportional  to  the  dipole  matrix 
elements  between  initial  (0  and  final  state  (/)  sub¬ 
bands.  In  case  of  resonant  multi-photon  absorption, 
they  account  for  /:-dependent  mixing  of  |s)  and  |p) 
states  in  valence  and  conduction  band  Bloch  functions 
[27].  (j),  is  the  phase  of  light  field  /.  Within  this  Hamil¬ 
tonian,  the  light  fields  are  treated  exactly.  In  case 
of  resonant  intersubband  coupling  where  splittings 
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Ef  -  Ei  arc  small  (tens  of  meV),  the  rotating-wavc 
approximation  is  avoided. 

The  carrier-carrier  Coulomb  interaction  is  treated 
within  the  screened  Haitree-Fock  approximation,  al¬ 
lowing  us  to  account  for  excitonic  effects,  as  well 
as  scattering-induced  phase  breaking.  Excitonic  ef¬ 
fects  and  Coulomb  enhancement  are  generally  impor¬ 
tant  because  of  the  relatively  low  2-d  carrier  densi¬ 
ties  (<5  X  10'^^  cm““)  required  to  suppress  carrier- 
carrier  scattering  on  a  picosecond  time  scale.  In  many 
cases,  subband  splitting,  temperature,  and  time  scales 
arc  designed  such  that  LO  phonon  scattering  may  be 
neglected.  Where  coupling  via  LO  phonons  is  relevant, 
we  have  included  LO  phonon  scattering  within  the 
standard  Markov  and  adiabatic  approximation.  This 
approximation  can  be  considered  valid  for  time  scales 
^  100  fs.  If  shorter  time  scales  arc  relevant,  a  numeri¬ 
cal  evaluation  of  the  time-convolution  integrals  which 
arise  from  memory  effects  may  be  ncccssaiy  [28]. 

The  present  unavailability  of  intense  coherent  mw 
sources  required  for  scheme  Fig.  1(c)  makes  desir¬ 
able  the  development  of  alternative  control  schemes. 
One  possibility  follows  the  versatile  scheme  of  Fig. 
1(b)  in  which  two  phase-locked  coherent  light  fields 
arc  used  to  manipulate  carrier  absorption,  as  well  as 
intcr-wcll  tunneling.  As  the  two  light  fields  differ  in 
frequency  a  change  in  relative  phase  allows  manipula¬ 
tion  of  the  effective  pulse  shape.  Hence  one  may  con¬ 
sider  this  form  of  coherent  control  most  naturally  as 
control  by  manipulation  of  pulse  shapes.  To  provide  a 
specific  example,  we  consider  an  asymmetric,  biased 
double  well  in  which  the  electron  subband  associated 
with  the  narrow  well  is  tuned  to  lie  lOmeV  below 
the  one  associated  with  the  wide  one.  We  choose  a 
GaAs/AlGaAs  structure  with  well  thicknesses  of  14 
and  8  nm  and  a  barrier  thickness  of  2  nm.  This  assures 
that,  by  proper  choice  of  pump  frequencies,  mainly  the 
top  heavy-hole  subband  (i;),  associated  with  the  wide 
well,  and  the  lowest  two-electron  subbands  (denoted 
+  and  —)  participate  in  the  absorption  process.  The 
two  light  fields  are  also  detuned  by  10  meV  and  are 
identical  regarding  pulse  shape  and  polarization.  Field 
amplitudes  of  the  two  pulses  are  of  the  same  order  of 
magnitude.  They  are  basically  adjusted  such  that  both 
pulses  independently  give  the  same  final  number  of 
photo-excited  carriers. 

Using,  for  example,  the  density  matrix  formalism 
one  obtains  a  coupled  set  of  Boltzmann-Bloch  equa¬ 


tions  in  the  density  matrix  elements  f  ij(k),  where  i 
and  j  label  band  indices  and  k  is  the  magnitude  of 
the  two-dimensional  /:-vector  [29].  Here  we  account 
for  the  free-particle  dynamics  and  the  two  external 
light  fields,  as  discussed  above,  as  well  as  the  carrier- 
carrier  Coulomb  interaction  within  the  Hartree-Fock 
mean-field  approximation.  As  we  consider  optical  ex¬ 
citation  across  the  main  energy  gap  and  light  fields  of 
moderate  intensity,  the  rotating-wave  approximation  is 
applied  here.  For  the  interband  polarizations  between 
valence  and  conduction  subbands  fcv{k),  c  =  -h,  — , 
one  obtains 

i1^Uk)  =  [{e,(k)+Hy{k)~F\;\k)) 

-(e,{k)  +  H^\k)  - 
-  [?'<■>(*)•  •  (E|(Oe'™''  +  E2(/)e'‘"=') 
-F<‘>(^)](1  -  f,,{k)  -  fAk)) 

+Fl.^'\k)f,.Ak)l  (2) 

ey{k)  is  the  energy  of  the  free  particle  state  (a,  k), 
is  proportional  to  the  dipole  matrix  element  between 
c  and  V,  E/(0  is  the  envelope  of  light  field  i,  and  coi 
is  the  frequency  of  light  field  i. 

Hartree  tenns  are  given  by 
^/AA-)  =  Vy-M0)f-,s(k')y. 

ySk' 

Fock  tenns  are  given  by 

^r’(A)  =  Y)  -  k')fydk')i;rs, 

ySk' 

where  are  Coulomb  matrix  elements  and  = 
-1,  for  y  "  ^  =  t>,  and  CyS  —  1  otherwise. 

Similar  equations  arise  for  the  first  time-derivative 
of  all  other  density  matrix  elements.  When  compared 
to  the  Boltzmann  equation,  additional  terms  contain¬ 
ing  interband  polarizations  appear.  It  is  important  to 
note,  that  the  Coulomb  interaction  renormalizes  the 
externally  applied  light  fields  and  also  leads  to  addi¬ 
tional  conpXmg  terms  to  other  density  matrix  elements, 
such  as  the  last  sum  in  Eq.  (2). 
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Fig.  3.  Density  of  photo-generated  electron-hole  pairs  as  a  function 
of  time  for  several  phase  differences  Thin  lines  for  single 
pulses,  thick  lines  for  two  pulses.  Pulse  duration  is  200  fs. 

3.  Results 

In  the  first  excitation  study  we  consider  short  pump 
pulses  of  Gaussian  shape  with  a  duration  of  200  fs, 
peaks  at  ^  =  0,  and  zero  time-delay.  The  first  pulse 
has  a  photon  energy  of  hf\  =  E-{k  =  0)  -  Ei(k  = 
0)  —  20  meV  and  is  close  to  the  indirect  exciton  peak. 
hf2  =  fio}\  +  10  meV,  i.e.  near  the  direct  exciton 
peak.  Light  field  intensities  are  such  that  individual 
pulses  lead  to  a  final  number  of  about  1  x  10’^  per 
cm^.  Change  of  the  relative  phase  between  these  two 
fields  provides  a  simple  means  for  “pulse-shaping” 
of  the  net  excitation  pulse  for  short  pulses.  If,  on 
the  other  hand,  the  pulse  duration  is  large  compared 
to  2/5 /,  where  5/  =  /2  —  /i ,  one  gets  the  usual 
beating  phenomenon  which  does  not  provide  phase 
sensitivity  to  the  net  absorption.  The  pulse  shapes 
for  A0  =  0,0.571:,  tt,  and  LSti  are  shown  in  Fig.  2(a) 
-(d),  respectively.  Here,  A<P  is  the  phase  of  the 
lower-frequency  pulse  relative  to  the  higher-frequency 
pulse.  Note  that  coherent  control  by  optical  means  can 
either  be  interpreted  within  the  photon  picture,  which 
is  the  most  commonly  used,  or  the  (semi-classical) 
pulse  shaping  picture  used  here.  Fig.  3  gives  the  cor¬ 
responding  total  number  of  electron-hole  pairs  versus 
time,  including  the  two  cases  of  excitation  by  indi¬ 
vidual  light  fields  (thin  lines).  Significant  variation 
in  the  final  number  of  photo-excited  carriers  is  evi¬ 
dent.  A  cosine  fit  to  the  final  number  of  electron-hole 
pairs  shows  the  expected  27t  periodicity  displayed  in 


Fig.  4.  Density  of  photo-generated  electron-hole  pairs  versus  rela¬ 
tive  phase  A(()  between  the  lower-  relative  to  the  higher-frequency 
pulse.  Dots  give  numerical  results.  Solid  line  is  a  cosine  fit. 

Fig.  4.  It  is  important  to  note  that  additional  coupling 
terms  provided  by  the  electron-electron  Coulomb  in¬ 
teraction  (“excitonic  effects”)  play  an  essential  role 
regarding  this  phase  sensitivity.  Eq.  (2)  shows  that 
through  the  latter  the  time  evolution  of  /+j,, 
and  becomes  coupled.  If  we  neglect  excitonic 
effects,  i.e.  the  correlation  of  photoexcited  carriers, 
the  phase  sensitivity  of  the  absorption  process  is  lost. 
Then  photogenerated  electron-hole  pairs  act  as  indi¬ 
vidually  driven  two-level  systems.  The  adjustment  of 
relative  phase  simply  leads  to  a  phase  change  in  the 
interband  polarization  with  no  influence  on  the  final 
number  of  earners.  In  fact,  this  phase  sensitivity  does 
not  require  excitation  into  a  doublet  of  electron  sub¬ 
bands,  but  also  occurs  if  the  possible  final  states  lie 
within  one  subband  only.  In  this  case,  phase  sensitiv¬ 
ity  arises  from  interference  of  fev  from  two  different 
regions  in  ^-space. 

Data  for  a  pair  of  400  fs  pulses  are  shown  in 
Fig.  5  which  gives  the  number  of  electron-hole  pairs 
versus  time  for  A<P  =  0,  O.Stt,  tt,  and  I.Stt.  As  ex¬ 
pected,  the  phase  sensitivity  has  decreased  quite  a  bit. 
Inspection  of  the  interwell  dynamics  by  monitoring 
the  number  of  carriers  in  the  wide  and  narrow  well 
shows  that  in  this  case  tunneling  between  left  and 
right  well  is  stronger  than  in  the  short-pulse  case.  This 
trend  can  be  confirmed  for  increasing  pulse  duration. 
The  beating  field  which  is  tuned  near  resonance  to 
the  direct-indirect  exciton  transition  drives  charge 


164 


IV.  PoiziPhysica  E  7  (2000)  J 59-1 65 


Time  (fs) 


Fig.  5.  Density  of  photo-generated  electron-hole  pairs  as  a  function 
of  time  for  several  phase  dilfcrcnccs  A(/).  Pulse  duration  is  400  fs. 
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Fig.  6.  Density  of  electrons  in  wide  well  (dot-dashed  line)  and 
narrow  well  (dotted  line),  as  well  as  total  number  of  electron-hole 
pairs  as  a  function  of  time.  The  pulse  duration  is  1600  fs. 

oscillations  between  narrow  and  wide  wells.  While 
the  relative  phase  of  these  charge  oscillations  changes 
with  the  relative  phase  between  the  two  light  fields, 
there  is  neither  phase  sensitivity  in  the  amplitude  of 
charge  oscillations  nor  in  the  total  number  of  pho- 
togenerated  carries  in  this  long-pulse  limit.  This  is 
illustrated  in  Fig.  6  for  a  pulse  duration  Tp  =  1.6  ps. 
The  beating  in  the  total  light  field  leads  to  an  oscilla¬ 
tory  rise  in  the  total  number  of  earners,  as  well  as  an 
induction  of  tunneling  of  electrons  between  wide  and 
narrow  well.  For  the  data  in  Fig.  6,  the  intensity  of 
the  light-field  that  predominantly  couples  to  the  indi¬ 
rect  exciton  was  chosen  four  times  higher  than  that 


for  the  field  which  is  resonant  with  the  direct  exciton. 
Moreover,  carrier-carrier  scattering  was  neglected. 

4.  Summary 

In  summary,  we  have  very  briefly  presented  three 
elementary  schemes  with  potential  application  for 
coherent  control  in  semiconductors.  We  focused  on 
the  case  of  photoabsorption  in  a  semiconductor  dou¬ 
ble  well  using  two  detuned  phase-locked  light  fields. 
We  have  found  that  in  the  short-pulse  limit,  excitonic 
effects  in  conjunction  with  pulse  shaping  by  adjust¬ 
ment  of  the  relative  phase  between  the  two  pump 
fields  allows  control  of  the  final  number  of  photoex- 
cited  carriers.  In  the  long-pulse  regime,  the  beating 
in  the  total  driving  field  allows  the  induction  of  elec¬ 
tron  charge  oscillations  between  the  two  wells  when 
the  beating  frequency  is  tuned  near  resonance  to  the 
energy  between  direct  and  indirect  exciton  energies. 
This  preliminary  study  points  at  the  possibility  of  us¬ 
ing  this  scheme  for  the  generation  of  THz  radiation. 
A  more  detailed  study  regarding  this  effect,  including 
an  optimization  of  parameters  for  structure  and  light 
fields,  is  currently  in  progress. 
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Abstract 

The  phenomenon  of  electromagnetically  induced  quantum  coherence  is  demonstrated  between  three  confined  electron  sub¬ 
band  levels  in  a  quantum  well  which  arc  almost  equally  spaced  in  energy.  Applying  a  strong  coupling  field,  two-photon-resonant 
with  the  1-3  intersubband  transition,  produces  a  pronounced  naiTOW  transparency  feature  in  the  1-2  absorption  line.  This 
result  can  be  understood  in  terms  of  all  three  states  being  simultaneously  driven  into  “phase-locked”  quantum  coherence  by 
a  single  coupling  field.  We  describe  the  effect  theoretically  with  a  density  matrix  method  and  an  adapted  linear  response 
thcoiy.  Tuning  the  excitation  laser  to  the  1-2  absoiption  energy  allows  the  electron  subband  momentum  distributions  to  be 
measured  with  the  sample  close  to  intersubband  inversion.  These  arc  modelled  to  yield  scattering  rates  and  non-equilibrium 
phonon  densities.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

FACS:  78.47.+P;  78.66.Fd;  42.50.Hz 

Keyword.s:  Subbands;  Quantum  interference;  Electromagnetically  induced  transparency 


1.  Introductory  remarks 

The  phenomenon  of  eleetromagnetically  induced 
transparency  (EIT,  for  reviews  sec  Refs.  [1,2])  is  one 
of  a  class  of  intriguing  quantum  optical  effects  which 
rely  on  incident  optical  beams  being  intense  enough 
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for  their  fields  to  significantly  perturb  the  electron 
Hamiltonian  which  determined  the  original  “bare” 
electron  states  of  a  system.  Under  suitable  conditions 
a  coherent  superposition  of  the  original  states  can  be 
created,  so  that  macroscopic  properties  like  photon 
absorption  and  spontaneous  and  stimulated  emission 
become  deteniiined  by  microscopic  and  essentially 
quantum  interferences  between  wave  function  proba¬ 
bility  amplitudes  within  each  member  of  an  ensemble 
of  oscillators.  EIT  has  been  known  for  some  years 
but  has  been  studied  almost  exclusively  in  atomic 
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vapour  systems  [1-5],  and  defect  levels  in  crystals 
[6-9].  In  these  narrow  linewidth  systems  the  opti¬ 
cal  perturbation  energy,  characterised  by  the  Rabi 
frequency,  ^Rabi  =  l^iE/fi  (where  is  a  transition 
dipole  matrix  element  and  E  is  an  amplitude  of 
the  coupling  EM  field)  can  most  easily  be  made 
large  enough  for  electromagnctically  induced  split¬ 
tings  and  shifts  of  optical  transitions  to  be  resolved 
spectroscopically. 

EIT  typically  involves  a  three-level  system  of 
well-defined  parity,  having  two  dipole-allowed  transi¬ 
tions  (|1)  ^  12)  and  |2}  — >  |3))  and  a  third  (|1)  ^  |3)) 
dipole  forbidden  (Raman)  transition.  Driving  this 
with  a  “coupling  field”,  of  photon  energy  ^coc'^^23 
establishes  a  coherent  superposition  of  the  states’ 
probability  amplitudes  and  makes  quantum  interfer¬ 
ence  possible.  Absorption  at  the  original  £’12  pho¬ 
ton  energy  now  involves  two  coherent  pathways, 
(|1)^|2)  and  1 1} |2)  ^  |3)  ^  |2))  whose  proba¬ 
bility  amplitudes  interfere  destructively  and,  in  the 
ideal  case,  completely  cancel  the  original  absorption 
at  photon  energy  £12.  Once  the  necessary  quantum 
coherences  have  been  created  by  the  “coupling” 
beam,  both  it  and  the  “probe”  beam  (with  ^07c^£i2) 
can  propagate  without  loss  through  a  medium  which 
would  otherwise  have  been  highly  opaque  to  the 
probe. 

By  allowing  operation  close  to  a  transition  reso¬ 
nance  (where  the  material  would  otherwise  absorb 
strongly),  EIT  enables  the  exploitation  of  highly 
efficient  resonant  non-linear  optical  processes  [10,1 1]. 
Also,  if  e.g.  the  state  |2)  is  populated  incoherently, 
stimulated  photon  emission  occurs  at  £12  without 
the  corresponding  absorption  process  being  possible, 
leading  to  predications,  and,  in  sodium  vapour,  re¬ 
cent  demonstrations  [12]  of  lasing  without  inversion 
(LWI). 

Practical  EIT  observations  are  classified,  by  the 
ordering  of  the  energy  levels,  into  “A”  (1-3-2),  “V” 
(2-1-3)  and  “ladder”  or  “cascade”  schemes  (1-2-3), 
where  the  first  state  has  the  lowest  energy.  Compared 
with  atomic  and  crystal  defect  states,  QW  subbands 
have  unattractively  broad  transitions  (homogenous 
linewidths  ~5  meV,  corresponding  to  dipole  dephas¬ 
ing  rates  of  ~  1 00  fs“  ^ ),  but  have  the  unique  and  in¬ 
triguing  property  that  the  transition  energies,  dipoles 
and  even  symmetry  properties  can  be  engineered  with 
considerable  freedom  and  precision.  Also,  because  of 


(a)  (b)  (c) 
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Fig.  1.  Schematic  of  quantum  well  energy  levels  and  coupling 
laser  resonance  conditions,  (a)  “Autler-Townes”  EIT, 

(b)  strongly  driven  two-level  atom,  coc'^£'i2,  (c)  “phase-locked” 
coherence,  C(;c~£'i3/2. 


the  light  conduction  band  effective  masses,  QW  inter¬ 
subband  dipole  elements,  and  hence  Rabi  frequencies, 
can  be  large. 

To  date  there  has  been  theoretical  interest  in  quan¬ 
tum  optics  in  QWs  [13-16]  but  no  experimental  obser¬ 
vations.  On  the  other  hand,  Fano  interference  schemes, 
analogous  to  EIT  but  using  strong  and  appropriately 
phased  tunnelling  coupling  between  the  QW  states 
and  an  adjacent  continuum  to  establish  the  |2)  ^  |3) 
coherence,  have  recently  demonstrated  the  viability  of 
quantum  interference  and  transparency  in  a  QW  sys¬ 
tem  [17-19]. 

In  practice,  observing  EIT  absorption  cancellation 
depends  on  maintaining  the  phase  of  the  overall  quan¬ 
tum  coherence  between  states  1 1)  and  1 3).  In  the  ideal 
case  of  continuous  monochromatic  coupling  fields, 
the  incorrectly  phased  component  damps  out  within 
several  Rabi  periods.  Practical  pulsed  measurements 
though  typically  require  “adiabatic  preparation” 
techniques,  in  which  the  coupling  and  probe  pulse 
envelopes  are  chosen  so  that  ^^Rabi  changes  suffi¬ 
ciently  slowly  for  the  expectation  value  of  the  elec¬ 
tron  probability  density  always  to  correspond  to  state 

Here  we  study  a  novel  three-level  QW  “ladder”-type 
system  (Fig.  1 ),  in  which,  for  the  first  time,  the  states 
are  close,  compared  with  the  transition  linewidths,  to 
being  equally  spaced  in  energy.  In  this  case  a  single 
coupling  field  can  simultaneously  drive  all  three  states 
into  coherence  with  their  quantum  phases  “locked” 
so  as  to  produce  an  enhanced  coherent  transparency 
feature  in  the  absorption  spectrum.  This  allows  us 
to  observe  EIT  in  a  QW  system  and  to  demonstrate 
“phase-locked”  quantum  coherence,  both  for  the  first 
time. 
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2.  Experimental  details 

The  QW  sample  consists  of  40  symmetric  10 
nm  n-doped  (/7s  =  6  x  10^'  cm~^)  Ino.47Gao.53As 
wells  with  10  nm  Alo.48lno.52 As  bamiers,  lattice 
matched  to  an  undoped  InP  substrate.  It  came 
from  the  same  wafer  as  the  sample  of  Ref.  [20] 
but  had  subband  transition  energies  slightly  shifted 
by  wafer  non-uniformity.  Transition  energies  (ma¬ 
trix  elements)  were  £’|2~129  meV  (2.34  nm)  and 
£■23^160  meV  (2.64  nm).  £12  was  measured  from 
the  sample’s  linear  absorption  spcctiaim  (Fig.  2a). 
At  the  30  K  experiment  temperature  only  the  ground 
subband  was  occupied,  so  £23  was  measured  using 
the  induced  absorption  method  of  Ref.  [20]. 

The  sample  was  polished  into  a  45°  wedge  to  al¬ 
low  one  double  pass  of  the  beams  through  the  QWs. 
Absolute  transmission  values,  7,  were  obtained  by 
ratioing  spectra  linearly  polarised  perpendicular  and 
parallel  to  the  QW  normal  since  only  the  former  cou¬ 
ple  to  the  I  SB  transitions.  The  interaction  region  was 
shorter  than  the  wavelengths,  rendering  dispersion  and 
propagation  effects  negligible. 

Independently  tuneable  (2^6-12  pm)  synchro¬ 
nised  coupling  (cOe)  and  probe  (cOp)  laser  pulses,  were 
generated  in  separate  Er'^”^  :  Cr^^  :  YSGG  pumped 
optical  parametric  generators  [21,22]  based  on 
ZnGeP2  and  CdSc  non-Iincar  crystals  (Fig.  3).  They 
had  similar  overall  temporal  profiles  (FWHM~100 
ps),  but  differed  in  their  short  timescale  amplitude 
structure  arising  from  the  OPG  amplification  statis¬ 
tics.  The  pulses  were  sufficiently  narrow  linewidth 
and  long  compared  with  the  subband  dephasing  and 
relaxation  times  for  the  measurement  to  be  effectively 
continuous  wave  and  monochromic. 

Peak  effective  coupling  field  intensities,  corrected 
for  the  experimental  geomctiy,  reflection  losses  and 
polarisation  coupling  efficiency  to  the  subband  tran¬ 
sitions,  of  up  to  ~  2.6  MW  cm“^  were  attained.  All 
measurements  were  taken  through  a  300  pm  pin¬ 
hole  which  was  attached  to  the  sample  facet,  and  the 
probe  was  defocused  to  ~10“-^  of  the  coupling  beam 
intensity  with  a  10°  angular  separation  between  the 
two.  Linear  absorption  measurements  (Fig.  2a)  gave 
a  Lorentzian  line  centred  at  £12  =  129  meV  with  a 
homogenous  linewidth,  )'i2~5  meV  with  the  sample 
of  7-30  K. 


120  130  140  150 

photon  energy  (meV) 


Fig.  2.  Measured  (heavy  solid  lines)  and  calculated  (dotted  lines) 
absorption  across  the  1-2  resonance  for  different  coupling  laser 
frequencies  (a)  (b)  cuc~£'23.  (c)  Wc'^£')3/2.  Fig.  2a, 

light  solid  line,  linear  absorption  spectrum. 


Tuning  the  coupling  energy  to  the  lower  transition, 
{ticOc  =£12)  produced,  unsurprisingly,  an  absorption 
spectrum  (Fig.  2a),  characteristic  of  a  strongly  satu¬ 
rated  two-level  system  transition.  Carrier  redistribu¬ 
tion  between  the  first  two  levels  almost  completely 
bleaches  the  original  absorption,  and  the  large  ab¬ 
sorbed  laser  energy  heats  the  carrier  system  broaden¬ 
ing  the  transitions  and  masking  any  coherent  effects 
in  the  absorption  spectrum. 
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LASER  X=2.8 
lOOps  D.7mJ _ 

Fig.  3.  Schematic  of  the  optical  parametric  generator  laser  system 
used  in  the  experiments.  In  this  work  all  data  was  taken  with  zero 
time  difference  between  the  coupling  and  probe  pulses  and  the 
ZnGeP2  crystals  were  replaced  by  CdSe  for  some  spectral  ranges. 


Interestingly,  tuning  coc  to  the  E23  resonance,  i.e. 
the  classic  “Autler-Townes”  EIT  condition,  produced 
only  small  (except  for  the  absorption  reduction 
associated  with  partial  populating  of  level  |2))  mod¬ 
ifications  to  the  absorption  spectrum  (Fig.  2b).  In 
this  configuration  the  Rabi  frequency  (~4  meV) 
should  be  just  enough  to  observe  some  splitting  of 
the  line,  but  this  is  masked  in  the  experiment  by 
spatio-temporal  fluctuations  in  the  beam  intensities. 

The  most  striking  result  occurs  when  the  cou¬ 
pling  beam  frequency  was  tuned  half-way  be¬ 
tween  E\2  and  £’23  {fio)c^E\2l2)  (Fig.  2c).  A  pro¬ 
nounced  (67%  reduction  in  absorption)  dip  appears 
in  the  absorption  spectrum.  It  is  spectrally  narrower 
(FWHM^3.6  meV)  than  the  original  homogenous 
linewidth  and  is  absent  in  spectra  taken  with  the 
coupling  laser  detuned  by  an  equal  amount  below 
Ex2  (^cOc  =  116  meV,  Fig.  4).  Its  spectral  narrow¬ 
ness,  the  non-obvious  relationship  between  its  po¬ 
sition  (126  meV)  and  the  coupling  photon  energy 
(144  meV),  both  suggest  an  origin  in  quantum  inter¬ 
ference. 


3.  Theoretical  treatment 

We  theoretically  treat  the  three-level  system  within 
a  density-matrix  formalism  whose  time  evolution, 
within  a  rotating  frame  and  under  the  rotating-wave 
and  relaxation-time  approximations,  is  written  as 


120  130  140  150 

photon  energy  (meV) 


Fig.  4.  Comparison  between  measured  absorption  spectra  with 
C0c~£'i3/2  (heavy  line)  and  with,  coc  =  116  meV  (light  line),  i.e. 
at  an  equal  but  opposite  detuning  from  the  £'12  resonance. 

Pi  1  =  yipll  +  '^^\2(P\2  -  P21  )> 

P22  =  —y2P22  +  ?3P33  “  i^^l2(pl2  “  P21  ) 

-t-if223(P23  ”  P32), 

P33  ~  “y3p33  -  if^23(p23  “  P32), 

P12  —  (^"^21  "  yi2/2)pl2  —  i^^l2(p22  —  Pll  )  +  if^23Pl3^ 
Pl3  =  (iZl3i  —  yi3/2)p|3  —  \Q\2p2^  +  i^223Pi2, 

P23  —  (i^32  "  y23/2)P23  “  i^23(p33  “  P22)  “  if^l2pl3 

together  with  p/y  =  p* .  Carrier  conservation  requires 

that  Pa  ~  ^  frequencies 

(assumed  real)  of  the  coupling  laser  field  and  the  |/) 

\j)  transition. 

In  contrast  to  many  previous  treatments,  these 
equations  allow  for  the  simultaneous  coupling  be¬ 
tween  both  (1-2  and  2-3)  dipole-allowed  transitions 
and  the  “coupling”  laser.  This  is  required  in  our  case 
because  the  states  are  close  to  being  equally  spaced 
in  energy  and  has  important  consequences  as  shown 
below.  ^21  =  fiojc  —  E\2  and  4I32  =  —  £23 

the  single-photon  detunings  and  ZI31  =  2I21  +  ^32  the 
two-photon  detuning  of  the  coupling  laser  frequency 
from  the  various  electronic  resonances. 

The  yi  denote  the  damping  of  the  population 
states  |/),  i.e.  they  are  inversely  proportional  to 
the  intersubband  recombination  times.  The  y/y  (/  / 
j)  are  the  total  coherence  relaxation  rates,  given 
by  712  =  (72  +  7^f  ).  723  =  (72  +  73  +  72f  )>  713  = 
(73  +  y ),  where  is  the  dephasing  decay  rate  of 
the  quantum  coherence  of  the  |/)  ^  \j)  transition.  In 
contrast  to  many  atomic  schemes  the  determined 
in  QWs  by  electron-electron,  interface  roughness 
and  phonon  scattering  processes,  are  the  dominant 
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contributions  to  the  7,/  and  the  major  obstacle  to  the 
observation  of  coherent  effects  such  as  BIT. 

We  solve  these  equations  numerically  in  the 
steady-state  limit,  i.e.  equivalent  to  assuming  a 
continuous-wave  coupling  beam  in  the  experiment. 
The  resulting  density  matrix  is  then  used  with  linear 
response  theory  to  calculate  the  absorption  spcctiiim 
as  a  function  of  m,,  using  the  quantum  regression  the¬ 
orem  [23].  Again  we  adapt  the  treatment  of  Ref.  [23] 
to  coherently  include  absotption  processes  between 
both  of  the  dipole-allowed  QW  transitions. 

The  results  of  this  analysis  are  also  plotted  in  Fig. 
2.  In  all  cases  we  set  ^i2i2  ~  ^  5  meV  corre¬ 

sponding  to  the  coupling  laser  intensity  used,  712  = 
y23  =  7i3  =  5  meV  and  72"-'73  =  1.3  meV,  equivalent 
to  the  intersubband  relaxation  time  x=  1  ps  we  ex¬ 
tract  from  the  samples’  saturation  characteristics.  In- 
tersubband  recombination  times  were  measured  us¬ 
ing  the  absorption  saturation  method  of  Vodopyanov 
et  al.  [24]. 

With  these  parameters,  when  cOc  =  ^^23  the  theory 
predicts  Autler-Towncs  splitting  but  significantly,  no 
coherent  BIT.  Although  not  obvious  from  the  figure, 
the  theory  curve  has  the  form  of  two  split  Lorentzian 
lines,  but  the  overall  quantum  coherence  is  not 
maintained  sufficiently  well  to  give  the  destructive 
interference  at  the  line  centre  which  would  reduce  the 
absorption  below  the  split-Lorentzian  lineshape.  Due 
to  spatio-temporal  fluctuations  in  the  beam  intensities, 
however  (which  arc  assumed  constant  in  the  model), 
even  the  Autler-Towncs  splitting  is  too  weak  to  be 
observed  experimentally  (Fig.  2b). 

The  strongest  quantum  interference  effect  is  pre¬ 
dicted  by  the  theoty  when  the  coupling  frequency  is 
tuned  to  the  “two-photon  resonance”,  =  Eu/l,  i.e. 
the  “phase-locked”  regime.  This  can  be  understood 
in  terms  of  a  four-photon  process  (Fig.  5),  where 
the  absoiption-emission  path  1~>3— ^2  interferes 
destructively  with  the  absorption  path  1^2.  At  the 
same  time  the  “coupling”  field  has  Stark  shifted  the 
original  “bare”  1  ^  2  transition  to  the  red  and  the 
2^3  transition  to  the  blue.  This  results  in  an  over¬ 
all  red  shift  of  the  1  ^2  transition  to  r^\25  meV, 
and  a  corresponding  transparency  feature  at  this  en¬ 
ergy.  The  coherence  of  all  the  states  also  appears 
to  be  maintained,  by  the  “phase-locked”  two-photon 
coupling,  more  efficiently  than  the  Autler-Townes 
case  oje  —E2^. 


Fig.  5.  Schematic  of  the  quantum  interference  at  “two  photon 
resonance”.  The  dashed  line  represents  the  original  “bare”  energy 
of  state  2,  before  being  optically  Stark  shifted  by  the  coupling 
laser. 

In  the  model,  progressively  detuning  away  from 
the  hojc'^E\2/2  two-photon  resonance,  destroys  the 
interference  effect.  Also,  at  this  cOc,  reducing  the 
coupling  Rabi  frequency  by  as  little  as  20%  de¬ 
stroys  the  interference,  in  good  agreement  with  the 
intensity  dependent  measurements  shown  in  (Fig. 
6).  Both  of  these  faets  suggest  a  strong  dependence 
on  two-photon  coupling  in  the  interpretation  of  the 
results. 

A  more  complete  theoretical  treatment  of  this 
effect  would  take  into  account  the  reality  that  there 
are  a  large  number  of  electron  oscillators  in  these 
samples.  In  contrast  to  the  atomic  case,  these  oscilla¬ 
tors  are  strongly  coupled  to  each  other  by  scattering 
processes  which  modify  the  transition  energies  by 
“many-body”  interactions  [25,26]  (i.e.  Coulomb,  ex¬ 
change  and  depolarisation  energies).  Computing  the 
effect  of  these  in  the  presence  of  the  strong  coupling 
laser  field  is  beyond  the  scope  of  this  paper. 

The  dominant  inhomogenous  broadening  mech¬ 
anism  is  conduction  band  non-parabolicity  [27], ' 
which  contributes  an  inhomogenous  linewidth  com¬ 
ponent 

Af  =  h-kUlM^j, 
where 

My  =  K-' 


*  Conduction  band  non-parabolicity  was  treated  as  in 
Sirtori  et  al.  [27]  using  the  materials  parameters  of  Ref  [9], 
Relative  to  the  well  bottom,  bare  energy  levels  (in-plane 
effective  masses)  were  E\  —46  meV  (0.045wo);  E2  =  176  meV 
(0.053^0 );  £-5  -  338  meV  (O.Obl/wo). 
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photon  energy  (meV) 


Fig.  6.  Experimental  (a)  and  theoretical  (b)  coupling  inten¬ 
sity  dependence  of  the  ETT  feature  for  “two-photon  resonance” 
case  coc  =  £'13/2:  (i)  ^2Rabi  —  4.8  meV,  (ii)  =  1.6  meV,  (iii) 
i^Rabi  =  0-48  meV. 


amounting  to  ^4.9  meV  in  these  samples.  This  is 
sufficiently  small  compared  with  the  total  transition 
linewidth  that  the  “sole  collective  excitation”  pic¬ 
ture,  as  defined  in  Refs.  [25,26]  and  assumed  in  our 
three-level  treatment,  should  be  valid  under  these 
measurement  conditions. 

This  “sole  collective  excitation”  picture  was  also 
confirmed  experimentally,  when  attempts  to  observe 
“spectral  holes”  burnt  into  the  absorption  lineshape  by 
selectively  exciting  a  subset  of  the  subband  popula¬ 
tion,  failed.  In  many  cases  the  lineshape  of  the  excited 
sample  is  slightly  narrower  than  the  theory  predicts, 
suggesting  some  form  of  a  co-operative  effect  within 
the  coherent  electron  population.  Although  carrier  re¬ 
distribution  within  the  subbands  may  alter  the  transi¬ 
tion  energies  by  up  to  the  ^5  meV  total  “many-body” 
energy,  this  effect  is  too  small  to  account  for  the  cOc 
resonance  behaviour  of  the  “phase-locked”  coherence 
feature  we  observe. 


Fig.  7.  Sample  1690A;  weak  probe  absorption  with  a  strong  sat¬ 
urating  pump  resonant  with  the  1-2  transition  (a)  100  /sat  (b) 
10  /sat  (c)  1  /sal-  Thick  lines  are  experimental  data  and  thin  lines 
theoretical  fits.  All  measurements  were  carried  out  at  30  K.  The 
letters  refer  to  features  described  in  the  text  and  Fig.  8. 

4.  Intersubband  scattering  dynamics  measurements 

The  available  pump  intensities  in  the  “coupling” 
beam  were  approximately  10  times  the  saturation  in¬ 
tensity  of  the  £'12  transition.  Tuning  the  “coupling” 
beam  to  £12  results  in  strong  excitation  of  the  2D 
electron  system  and  the  redistribution  of  the  carriers 
into  high  enough  k\  1  states  for  non-parabolicity  to  in¬ 
validate  the  “the  single  collective  excitation”  picture. 
This  allows  the  electron  momentum  distributions  to 
be  mapped  out  spectroscopically  [27],  yielding  scat¬ 
tering  rate  information  relevant  to  QC  laser  design. 

Typical  spectra  (Fig.  7)  show  “phonon  bumps”  in 
the  electron  distributions  at  positions  corresponding  to 
the  dominant  phonon  scattering  processes  in  intersub¬ 
band  relaxation.  Because  £i2'^4  modelling  the 

dynamics  reduces  to  1 1  coupled  rate  equations  in  the 
initial  and  final  state  populations  for  the  six  photon 
transitions  labelled  in  Fig.  8.  The  solutions  yield  the 
ratio  of  inter-  to  intra-subband  scattering  rates,  vjxn 
and  the  ration  of  phonon  emission  to  absorption  events 
which  in  turn  yields  the  non-equilibrium  phonon  den¬ 
sity  (Table  1). 

The  pump-probe  experiment  shows  that  for  an  ex¬ 
cited  state  whieh  is  populated  with  an  electron  sheet 
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Tabic  1 

Summaiy  of  scattering  rate  data  extracted  from  rate-equation  analysis  of  pump-probe  experiments 


Pump  inlcnsity//sai 

I  SB  pump  rate  /?/ps 

«p()h 

T|2/PS 

Tjs  emission/ps 

Tjs  absorption/ps 

100 

0.3 

1 

0.45 

0.05-0.3 

0.1-0.6 

10 

0.1 

1 

0.45 

0.05-0.3 

0. 1-0.6 

1 

0.02 

0.5 

0.6 

0.06-0.2 

0.2-1 .2 

Electron  Wave  vector  (X10®cm‘^) 


Fig.  8.  Theoretical  electron  dispersion  for  sample  1690A  and  the 
phonon  scattering  events  leading  to  the  spectral  features  in  Fig. 
7.  The  arrows  denote  the  photon  transition  energies  (in  meV)  at 
E  =  fuo\x^  intervals  along  the  subbands. 

density  ^--^2  x  10"  cm”^,  a  non-equilibrium  phonon 
distribution  (wph^l  at  30  K)  controls  the  electron  en¬ 
ergy  distribution  [28]  in  the  subbands.  The  intersub¬ 
band  phonon  scattering  rate  is  ^400  fs,  and  the  intra¬ 
subband  phonon  scattering  rate  lies  in  the  range  100 
-250  fs,  and  depends  on  the  electron  momentum.  In 
this  regime,  dipole  de-phasing  rates  are  detennined  by 
intrasubband  phonon  scattering. 

As  a  result,  the  n  =  1  subband  minimum  can  be 
significantly  depleted  as  electrons  arc  trapped  at  high 
lying  energy  states,  leading  to  lasing  without  a  global 
/c-space  population  inversion  [29]  and  reduced  lasing 
thresholds  for  quantum  cascade  lasers. 


5.  Concluding  remarks 

In  conclusion,  we  have  observed  a  sharp  inter¬ 
ference  feature  associated  with  electromagnetically 
induced  quantum  interference  in  QWs,  which  is  not 
related  to  saturation  or  spectral  hole  burning  effects. 
We  found  that  the  induced  transparency  can  be  ob¬ 


served  when  the  coupling  field  is  two-photon-resonant 
with  the  £’i3  subband  transition,  this  behaviour  being 
fully  consistent  with  a  density  matrix  treatment  which 
simultaneously  includes  coupling  between  all  states 
in  a  three-level  system. 

This  and  other  intersubband  scattering  dynamics 
measurements  were  made  under  similar  experimental 
regimes  as  occur,  or  as  could  be  engineered  to  occur 
if  desired,  in  QC  lasers  at  threshold,  and  may  have 
significant  influence  in  their  future  design. 
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Abstract 

Wc  have  investigated  the  infrared  photoeurrent  spectra  due  to  bound-to-continuum  intersubband  transitions  in  self-assembled 
InAs/GaAs  quantum  dots.  It  is  found  that  the  observed  photocim'ent  spectra  exhibit  a  broad  peak  followed  by  a  peculiar 
quenching  of  their  intensity  at  photon  energy  around  370  meV.  We  theoretically  demonstrate  that  such  a  strong  modulation 
of  the  intersubband  transition  spectra  is  due  to  Fano  resonance  which  results  from  the  quantum  mechanical  interference 
within  the  continuum.  The  calculated  intersubband  transition  spectrum  is  in  excellent  agreement  with  experiments.  ©  2000 
Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  InAs  quantum  dots;  Fano  resonance;  Quantum  interference 


The  advances  in  nano-fabrication  technology  have 
made  it  possible  to  grow  sclf-asscrnbled  InAs  quan¬ 
tum  dots  (QDs)  in  the  Stranski-Krastanov  mode  [1]. 
The  physics  of  QDs  have  been  intensively  studied  in 
view  of  their  possible  applications  to  optoelectronic 
devices,  such  as  memory  devices,  lasers,  infrared  pho- 
todctcctors,  etc.  Recently,  wc  have  realized  an  infrared 
photodctcctor  which  utilizes  a  bound-to-continuum  in- 
tersubband  transition  in  InAs  QDs  and  obtained  a 
large  responsivity  in  the  mid-infrared  range  [2].  The 
electrons  initially  localized  in  an  array  of  QDs  are  pho- 
toionized  into  a  continuum  and  finally  drained  later¬ 
ally  by  modulation-doped  two-dimensional  channels 
[2].  However,  a  detailed  understanding  of  the  inter¬ 
subband  transition  process  has  not  been  established 
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yet.  Fig.  1  shows  the  photoeurrent  spectra  measured  at 
various  temperatures  in  a  normal  incidence  geometry. 
A  broad  peak  in  a  photon  energy  range  of  100-300 
meV  is  observed  as  well  as  a  weak  broadband  photo¬ 
sensitivity  above  400  meV.  It  should  be  noted  in  the 
spectra  that  there  exists  a  peculiar  quenching  of  the 
intensity  around  fio)  —  370  meV  for  the  whole  tem¬ 
perature  range  studied,  suggesting  the  intrinsic  origin 
of  the  phenomenon. 

In  this  work,  we  have  investigated  infrared  pho- 
tocuiTcnt  spectra  by  calculating  the  probability  of 
bound-to-continuum  intersubband  transitions  for  one 
electron  trapped  in  QDs.  In  quantum  wells,  it  is  well 
known  that  some  states  in  the  continuum  above  the 
potential  barrier  keep  the  memory  of  the  potential 
profile,  the  so-called  virtual  states  or  resonances.  We 
suppose  a  similar  behavior  takes  place  for  the  QDs. 
We  define  the  resonances  as  the  continuum  states 


1 386-9477/00/$ -see  front  matter  ©  2000  Elsevier  Science  B.V.  All  rights  rcser\'cd. 
PH:  S1386-9477(99)00315-X 


Ph.  Lelong  et  al.l  Physica  E  7  (2000)  174-178 


175 


Fig.  1.  Photocun'cnt  spectra  due  to  bound-to-contiiumm  intersub¬ 
band  transitions  in  self-assembled  In  As  quantum  dots  measured 
at  various  temperatures. 

characterized  by  a  maximum  of  probability  to  find 
one  electron  in  the  QD.  If  the  resonances  are  suffi¬ 
ciently  well  resolved,  we  can  extract  these  states  from 
the  rest  of  the  continuum  (=  flat  continuum)  and  ap¬ 
proximate  them  as  the  ‘"bound”  states.  Nevertheless, 
they  continue  to  interact  with  the  flat  continuum.  We 
theoretically  demonstrate  that  such  a  strong  modula¬ 
tion  of  intersubband  transition  spectra  is  caused  by 
Fano  resonances  which  results  from  the  quantum  me¬ 
chanical  interferences  between  the  resonances  and  the 
flat  continuum.  This  is  a  well-known  effect  initially 
studied  by  Fano  [3,4]  and  has  been  observed  in  many 
atomic,  molecular,  and  solid-state  systems  [5-11]. 
With  a  view  to  analyze  the  dilfcrent  aspects  of  this  ef¬ 
fect,  we  have  made  two  theoretical  approaches  to  the 
subject. 

In  the  first  one,  we  have  performed  a  numeri¬ 
cal  calculation  of  the  probability  of  intersubband 
transition  as  a  function  of  the  photon  energy,  by 
assuming  a  system  in  which  one  InAs  QD  is  em¬ 
bedded  in  a  large  cylinder  of  GaAs.  We  have  ap¬ 
proximated  the  shape  of  the  QDs  by  a  small  disk 
with  a  radius  r  and  a  height  h.  This  choice  offers 
two  advantages:  (1)  the  calculation  of  the  contin¬ 
uum  is  simplified,  while  keeping  the  dot  shape  re¬ 


alistic,  and  (2)  the  related  symmetries  of  the  QD 
allow  to  discuss  the  selection  rules  in  the  inter¬ 
subband  transitions  with  respect  to  the  polarization 
of  the  light.  The  conduction  band  discontinuity 
at  InAs/GaAs  interface  was  assumed  to  be  about 
Vq  =  400  meV  and  the  electron  effective  mass  in 
the  QD  to  be  m  =  0.067mo.  The  QD  size  is  cho¬ 
sen  to  accommodate  one  bound  state  Ea  around 
100  meV  below  the  bottom  of  the  GaAs  conduc¬ 
tion  band  in  order  to  fit  the  experimental  value. 
With  (r=  10  nm,  h=\.l  nm)  we  obtain  the  first 
bound  state  at  =  102  meV  and  a  second  one 
at  8/,  =  18  meV.  For  the  sake  of  simplicity,  we 
have  discretized  the  continuum  states  by  enclos¬ 
ing  the  QD  in  a  huge  cylinder  (radius  R  =  800  nm; 
height  H  =  800  nm).  Let  us  denote  the  one-electron 
Hamiltonian  by  and  the  potential  of  the  QD 
by  fdot 

fp' 

— zl -h  F(r)  with 

2m 

Ldot(p,</>,^)  =  -Vg0{\z\  -  h/2)0(p  -  r).  (1) 

Because  of  the  cylindrical  symmetry  of  the  QD,  the 
electron  wave  function  can  be  written  as 

/(P,  (j),z)  =  with 

n  e  Z,  (k,  l)eN  (2) 

and  is  characterized  by  three  quantum  numbers  nje,  /. 
8;, A/  is  the  eigenenergy  (8,,  =  sojj  and  \^oaa)  =  U>)- 
At  this  point  we  are  now  able  to  show  the  exis¬ 
tence  of  the  resonances.  In  Fig.  2,  we  have  plot¬ 
ted  the  probability  Probdot  to  find  one  electron 
in  the  QD  for  the  continuum  states  {|’P±i,a,i)}a 
as  a  function  of  the  photon  energy.  Several  pro¬ 
nounced  maxima  of  probability  are  observed  at  150, 
380,  700  meV,  etc.,  defining  a  series  of  resonances 
(\(p\)yW2)A^3)^  ^tc.,  respectively).  In  contrast  with 
the  sharp  line  width  for  the  real  bound  state  (about 
10  peV),  those  for  the  resonances  are  in  the  order  of 
100  meV. 

The  electron-photon  interaction  is  expressed  as 

Q 

Ifc— photon  —  (-^  ■  jp  “hP  ‘  zi),  (3) 

where  p  is  the  momentum  of  the  electron  and  A  the 
vector  potential  of  the  light.  For  a  typical  photon  en¬ 
ergy  range  {%co=  100-1000  meV),  the  vector  poten¬ 
tial  A  is  assumed  to  be  constant  and  small  (dipole 
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Fig.  2.  The  energy  dependence  of  the  probability  of  finding  one 
electron  in  the  dot. 


approximation).  It  follows  that  the  term  of  electron- 
photon  interaction  can  be  treated  as  a  perturbation.  By 
using  Fermi’s  golden  rule,  we  have  calculated  the  in- 
tersubband  transition  probability: 

O  JT 

P\  =  ^  |(^VA-./|^c-photon|'f^OJ,l)P 
nXi 


(4) 


Some  simplifications  appear  naturally  if  we  rewrite 
the  electron-photon  interaction  in  a  cylindrical  coor¬ 
dinate  {p±  —  ±  i/^r)-  After  some  calculation,  we 

found  that  the  probability  of  absorption  P(  has  differ¬ 
ent  selection  rules  on  the  quantum  number  n  (angular 
momentum). 


njij 


\A\- 


+  Kn,A,/|P-m,l.l>|75„H.o) 

xS{f.„u  -  F.„  -  hm).  (5) 

For  the  intersubband  transition  process  from  the 
ground  state  in  the  QD,  the  quantum  number  n  can 
take  only  the  following  values  /?  =  0,  ±1.  For  the  nor¬ 
mal  incidence  geometry,  which  we  are  interested  in, 
the  polarization  of  light  is  in-plane  (xy-di  recti  on)  and 
only  /?  =  di  1  is  relevant.  A  typical  profile  of  Px  for 
in-planc  polarization  is  plotted  in  Fig.  3.  As  seen  in 


Fig.  3.  Photocurrent  spectrum  measured  at  30  K  (thin  solid  line), 
intersubband  transition  probability  calculated  numerically  (dashed 
line)  and  analytically  by  Eq.  (16)  (thick  solid  line). 


the  figure,  one  large  peak  of  absorption  is  observed, 
which  corresponds  to  the  intersubband  transition  to 
the  first  resonance.  Furthermore,  the  quenching  of  the 
transition  probability  around  370  meV  is  also  well 
reproduced. 

To  obtain  more  insight  into  the  origin  of  the  quench¬ 
ing  in  the  intersubband  transition  process,  we  have 
developed  an  analytical  approach  based  on  the  initial 
model  developed  by  Fano  [3].  The  resonances  are  ex¬ 
tracted  from  the  continuum  and  assimilated  as  “bound” 
states.  We,  then,  introduce  a  coupling  term  between 
the  bound  states  and  the  continuum  Fmemory 

Within  this  framework,  the  one-electron  Hamilto¬ 
nian  i/c  can  be  written  as 

H,=Ho+  Fnemcy  with  a  =  (6) 

The  Hamiltonian  Hq  describes  the  system  in  which  the 
continuum  states  \k)  are  decoupled  from  the  bound 
state  \x)  (energy  e^,)  and  resonances  \(pp)  (energy 
Sp).  We  also  assume  that  the  continuum  states  |/c)  are 
equidistant  in  energy  and  separated  by  an  arbitrary 
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small  energy  step  6. 

and  {q>  ,,\Ho\(p ,,)  =  e  p. 


p=  1,2,3,..., 

(7) 

{k\HQ\k)=k5,  =  0,±1,±2,...  . 

(8) 

The  resonances  are  assumed  to  be  coupled  with  the 
flat  continuum  by  constant  matrix  elements  V  due  to 

the  pseudo-interaction  Kmemory, 

0  =  (^1  Fmemory  1^)  ”  (<P/;|  Fmemory  l^/;)^ 

(9) 

V  =  {k\VmQmory\(p p)  =  (^pl  Fmemory |^)- 

(10) 

where  qp  the  ratio  between  the  matrix  element 
for  exciting  an  electron  to  the  /?th  resonance  and 
the  flat  continuum.  For  a  large  q,  the  electron  is 
favorably  promoted  to  the  resonances.  ^  is  related 
with  the  line  width  of  the  transition  probability 
(oc  vT+~?). 

From  Fig.  2,  we  observe  that  the  quenching  of  the 
photocurrent  takes  place  when  the  photon  excites  an 
electron  to  a  state  located  between  the  first  two  reso¬ 
nances.  If  we  limit  our  study  around  this  energy  range, 
the  photocurrent  spectrum  will  be  proportional  to  the 
intersubband  transition  probability,  Ppano,  which  takes 
into  account  only  the  lowest  two  resonances: 


■^Fano(^)  — 


|^i(a  -  £2)  +  ^2(£-  gi)  +  (£  -  a2)(g  -  g])!' 


(2£  -  £2  -  £l  f 


By  using  the  model  by  Fano,  it  is  possible  to  calculate 
the  eigenstates  and  eigenvalues  {|  *F),  £}  of  the  coupled 
system.  Finally,  the  bound  state  \x)  interacts  with  both 
the  resonances  and  the  flat  continuum  by  electron- 
photon  interaction  Ife- photon  -  The  matrix  elements  for 
the  intersubband  transitions  from  the  bound  state  to  the 
pth  resonances  and  to  the  flat  continuum  are  denoted 
by  Wp  and  W,  respectively. 

Wp  —  (<P/; I  ^e— photon  lx)  “  (X I  ^e— photon  (11) 

W  =  (A: I  IFe— photon  lx)  ~  (xl  ITc— photon  1^)-  (12) 

Within  this  framework  we  can  calculate  the  intersub¬ 
band  transition  probability  Ppano  from  the  bound  state 
\x)  to  the  continuum  {|*F),£}. 


|(»F|Ife-photon|x)l^ 

Jy2 


(13) 


In  the  calculation  we  took  the  limit  of  the  “real”  contin¬ 
uum.  For  this  procedure  we  assumed  by  using  Fermi’s 
golden  rule  that  the  probability  of  transition  T  in  a 
unit  time  between  the  resonances  and  the  continuum 
remains  constant  in  the  limit  <5^0, 


^  271 

f  =  constant. 

ft  d  s-o 


(14) 


We  use  hr  to  normalize  the  energies  and  to  define  the 
following  dimensionless  variables: 


W  ’ 


£  = 


2£ 

nr 


^  2£y; 


c  = 


4^2 

(15) 


+  (^(e  -  g|)2  +  ^{e-  E2)2  +  (e  -  £2)2(E  -  6i)2 

By  a  correct  choice  of  the  dimensionless  parameters 
(the  energies  and  the  line  width  of  the  resonances  were 
determined  from  the  diagonalization  of  and  we  as¬ 
sumed  10%  of  size  fluctuation  of  the  QDs.  Only  the 
ratio  q\lq2  was  used  as  a  fitting  parameter),  we  have 
calculated  the  intersubband  transition  probability.  As 
seen  in  Fig.  3,  the  agreement  between  theory  and  ex¬ 
periment  is  excellent.  This  fact  clearly  indicates  that 
the  quenching  of  the  photocurrent  spectra  observed  at 
370  meV  is  due  to  Fano  resonance. 

To  conclude,  we  have  investigated  the  infrared 
photocurrent  spectra  due  to  bound- to-continuum  in¬ 
tersubband  transitions  in  self-assembled  InAs/GaAs 
quantum  dots.  It  is  found  that  the  observed  pho¬ 
tocurrent  spectra  exhibit  a  broad  peak  followed  by  a 
peculiar  quenching  of  their  intensity  at  photon  energy 
around  370  meV.  We  have  theoretically  demonstrated 
that  such  a  strong  modulation  of  the  intersubband  tran¬ 
sition  spectra  is  due  to  Fano  resonance  which  results 
from  the  quantum  mechanical  interference  within  the 
continuum.  The  calculated  intersubband  transition 
spectrum  is  in  excellent  agreement  with  experiments. 
We  emphasize  that  the  Fano  effect  is  a  limiting  factor 
for  the  sensitivity  of  QD  infrared  photodetector.  A 
better  understanding  of  this  effect  is  a  sine  qua  none 
condition  to  improve  the  efficiency  of  photodetection. 
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Abstract 

Transient  spectral  holes  are  observed  in  the  intersubband  absorption  band  of  a  n-modulation-doped  GaAs/AlGaAs  quan¬ 
tum  well  structure  with  5.9  nm  wide  wells.  At  300  K,  the  widths  of  the  holes  amount  to  approximately  50%  of  the  width 
of  the  roughly  7  meV  wide  intersubband  absorption  profile.  Increasing  inhomogeneous  broadening  and  a  decreasing  homo¬ 
geneous  width  are  found  with  decreasing  temperature.  Well  width  fluctuations  are  discussed  as  dominant  mechanism  of  the 
inhomogeneous  broadening.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Hole  burning;  Inhomogeneous  broadening;  Ultrafast  absorption  changes;  Picosecond  spectroscopy 


GaAs/AlGaAs  quantum  well  structures  often  ex¬ 
hibit  intersubband  absorption  bands  with  Lorentzian 
line  shape.  From  this  fact,  a  homogeneous  broadening 
of  the  transition  has  been  deduced  in  many  cases  (e.g. 
[1]).  Particularly  in  structures  with  very  narrow  quan¬ 
tum  wells,  however,  broad  intersubband  transitions  of 
several  meV  width  are  observed  and  simultaneously 
lifetimes  of  a  few  picoseconds  are  measured  [2].  A 
comparison  of  the  spectral  widths  with  the  lifetimes 
indicates  an  inhomogeneous  broadening  of  the  inter¬ 
subband  transition. 

Generally  the  frequency  positions  of  the  transition 
lines  can  be  calculated  easily,  but  the  origin  of  the 
large  spectral  widths  and  of  the  observed  shapes  are 
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not  understood  very  well.  Interface  roughness,  and  the 
dependence  of  the  effective  mass  on  the  energy  have 
been  discussed  as  relevant  broadening  mechanisms 
[3,4].  In  this  paper  spectral  hole  burning  is  used  to  in¬ 
vestigate  the  inhomogeneous  broadening.  It  is  shown, 
that  an  increased  spectral  width  of  the  intersubband 
transition  at  lower  temperatures  is  due  to  an  increased 
inhomogeneity.  The  experiments  are  performed  on  a 
picosecond  time  scale  to  meet  the  requirements  of  the 
very  short  lifetimes  of  the  excited  subbands. 

The  transient  population  holes  are  detected  in  the 
following  way:  A  first  infrared  pulse  of  2  ps  duration 
and  a  spectral  width  of  1.2  meV  excites  electrons 
from  the  lowest  to  the  first  excited  subband.  The 
subsequent  change  of  the  intersubband  absorption  is 
measured  time  and  frequency  resolved  by  a  second 
independently  tunable  infrared  picosecond  pulse  of 
considerably  lower  energy.  The  data  are  taken  on  an 


1386-9477/00/$ -see  front  matter  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  81386-9477(99)00300-8 


180 


S.  Schmidt  et  al.  I  Physica  E  7  (2000)  179-182 


145  150  155  160  165  170 


Fig.  1.  Inlcrsubband  absorption  spectra  taken  at  300  and  77  K. 
They  arc  measured  with  picosecond  IR  pulses  of  1 .2  meV  width. 
They  arc  identical  to  spectra  taken  with  a  FTIR  spectrometer. 


n-inodulation-dopcd  multiple  GaAs/Al()35Gao.65As 
quantum  well  structure  with  5.9  nm  wide  GaAs 
quantum  wells  embedded  in  between  36  nm  thick 
Alo.35Ga().65As  layers.  The  central  8  nm  of  the  bairiers 
arc  doped  by  Si  with  a  concentration  of  3  x  10'  *  cm 
At  300  K,  the  sample  shows  a  broad  absorption  band 
of  7  meV  width  at  hv=  154  meV  which  is  shown 
in  Fig.  1  as  solid  line.  Such  broad  absorption  lines 
arc  typical  for  modulation-doped  quantum  wells  of 
thicknesses  in  the  order  of  6  nm.  It  is  quite  interesting 
to  see  that  the  spectral  shape  is  close  to  a  Lorentzian 
shape.  Despite  of  this  fact,  we  arc  able  to  observe 
spectral  holes  in  the  absorption  line. 

At  77  K,  the  center  frequency  shifts  to  160  meV, 
the  absorption  coefficient  decreases  and  the  width  in¬ 
creases  to  1 1  mcV.  The  oscillator  strength,  however, 
remains  the  same.  Such  an  unusual  temperature  de¬ 
pendence  is  observed  in  many  narrow,  n-modulation 
doped  samples  with  low  doping  concentration  and  is 
not  completely  understood  so  far. 

At  delay  time  to  -  0  ps  population  holes  in 
the  intersubband  absorption  band  are  observed 
(T  =  300  K).  At  a  relatively  low  excitation  inten¬ 
sity  of  400  kW/cm^,  which  is  close  to  the  saturation 
intensity,  bleaching  of  the  absorption  is  found  at 
frequencies  close  to  the  pump  frequency.  In  Fig.  2a 
the  change  in  absorption  Aa/  =  al  -  ocqI  measured 
by  the  weak  probe  pulse  is  plotted  which  is  directly 
proportional  to  the  spectral  holes,  a  and  ccq  are  the 
absorption  coefficients  with  and  without  excitation, 


I  T  =  300  K  I 

140  145  150  155  160  165 
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Fig.  2.  Hole  burning  at  T  =  300  K.  Solid  lines:  spectra  of  tran¬ 
sient  holes  after  excitation  at  the  three  different  pump  frequencies 
marked  by  anows.  Dashed  lines:  intersubband  absorption.  The  in¬ 
tensity  of  the  excitation  pulses  amounts  to  400  kW/cm^.  (a)  Ex¬ 
perimental  data;  (b)  results  of  numerical  simulations  according  to 
the  model  presented  in  the  text  with  Sq  =  0.7  and  A  =  0.4  meV. 


respectively.  The  holes  are  located  close  to  the  pump 
frequencies  and  exhibit  widths  of  ^  4  meV  corre¬ 
sponding  to  a  homogeneous  linewidth  of  roughly  2 
meV.  Contributions  from  coherent  ;^^^kprocesses  to 
the  Aa-signal  are  negligible  here.  They  are  expected 
to  appear  at  higher  laser  intensities  [5].  signals 
generally  exhibit  narrower  line  widths  and  are  located 
exactly  at  Vp. 

At  the  blue  wings  of  the  hole  spectra  an  increase 
in  absorption  is  observed.  It  can  be  explained  by  a 
small  blue  shift  of  the  whole  absorption  band  due  to 
intersubband  excitation.  This  shift  is  produced  by  a 
transient  transfer  of  electrons  in  the  excited  subband 
to  the  barrier.  Such  a  transfer  is  observed  mainly  in 
strongly  modulation-doped  structures  [6]. 

The  conditions  in  our  investigations  are  such  that 
the  homogeneous  width  is  eomparable  to  the  inhomo¬ 
geneous  broadening  and  the  pump  intensity  is  in  the 
order  of  the  saturation  intensity.  In  this  case,  a  detailed 
analysis  of  the  experimental  data  requires  a  numeri¬ 
cal  solution  of  the  equations  for  absorption  saturation 
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in  inhomogeneously  broadened  systems  [7,8].  We  use 
the  standard  steady-state  model  for  a  two-level  sys¬ 
tem.  The  intersubband  absorption  ao(v)  is  assumed  to 
be  a  convolution  of  a  (Gaussian)  distribution  function 
G  of  width  Ti  and  a  Lorentzian  line-shape  function  L 
of  width  Th 

ao(v)  =  “0  y  G(vo  -  Vc,  Ti )L(v  -  Vq,  A ) dvo. 

The  absorption  a(v,Vpo)  after  excitation  by  an  intense 
pump  pulse  at  frequeney  Vpo  is  given  by 

a(v,  Vpo )  =  ao  [  (G(vo  -  Vc,  C ■, )L{v  -  vo  -  d,  A ) 


[5(vp)/(l  +5(vp))] 


xZ,(vo  -  Vp,r®)dv'pj  dvoj, 

where  S{Vp)  =  Ip{Vp)/ls  is  the  saturation  parameter. 
/p(vp)  is  the  intensity  distribution  (Avp  =  1.2  meV) 
of  the  pump  pulse  at  frequency  Vpo  and  Is  is  the  sat¬ 
uration  intensity.  =  rh(l  +  ‘S'(vp))  is  the  homoge¬ 
neous  line  width  broadened  by  saturation,  zl  represents 
the  small  blue  shift  of  the  whole  absorption  spectrum 
Vpo)  due  to  intersubband  excitation. 

The  observed  hole  spectra  and  the  absorption  spec¬ 
tra  are  compared  with  model  calculations  shown  in 
Fig.  2b.  A  homogeneous  line  width  of  2  meV,  an  in¬ 
homogeneous  broadening  of  6  meV,  and  a  blue  shift 
A  =  0.4  meV  is  used.  The  saturation  parameter  was 
chosen  to  be  5’o  =  /  ^SCvp)  dvp  =  0.7.  This  value  nicely 
compares  with  a  saturation  intensity  of  400  kW/cm^ 
which  was  determined  in  a  separate  bleaching 
experiment. 

Fig.  3a  shows  experimental  data  for  /d  =  0  ps  taken 
at  T  =  11  K.  The  lower  absorption  cross  section  re¬ 
quires  a  higher  pump  intensity  of  1.5  MW/cm^  to  get 
reliable  data.  Hole  spectra  of  a  width  of  3-4  meV  are 
observed  which  are  slightly  blue  shifted  with  respect 
to  the  pump  frequency.  Fig.  3b  shows  the  result  of 
the  model  calculations.  The  best  fit  is  obtained  with 
Th  =  1.5  meV,  Tj  =  10  meV,  and  5*0  =  1.0.  A  param¬ 
eter  A  =  0.4  meV  reproduces  the  blue  shift  of  the  hole 
spectra  and  the  absorption  increase  in  the  blue  wings. 
It  is  surprising  to  see  an  increase  of  the  inhomoge¬ 
neous  broadening  and  a  decrease  of  the  homogeneous 
width  at  lower  temperatures. 


Fig.  3.  Hole  burning  at  T  =  11  K.  Spectra  of  transient  holes 
(solid  lines)  after  excitation  with  pump  pulses  of  an  intensity 
of  1.5  MW/cm^  at  four  different  frequencies.  The  dashed  line 
represents  the  intersubband  absorption,  (a)  Experimental  data;  (b) 
results  of  numerical  simulations  with  iS'o  =  1  and  a  blue  shift  of 
A  =  0.4  meV  using  the  model  presented  in  the  text. 


The  homogeneous  line  width  is  larger  than  the 
spectral  width  calculated  from  the  observed  sub¬ 
band  lifetime  of  2-3  ps.  Obviously,  it  is  determined 
by  dephasing  processes  with  a  T2  time  of  approx¬ 
imately  0.7  ps;  a  value  which  is  in  rough  agree¬ 
ment  with  the  results  of  Ref  [9].  Possible  dephasing 
mechanisms  are  electron-electron  and  intraband-LO 
phonon  scattering.  Electron-electron  scattering  is 
believed  to  be  the  main  mechanism  since  dephasing 
times  of  several  hundred  femtoseconds  are  expected 
for  our  sample  parameters.  The  decrease  of  the  ho¬ 
mogeneous  width  Th  at  lower  temperatures  can  be 
explained  by  an  increased  Pauli  blocking  of  electron 
states  due  to  the  narrowing  of  the  electron  distribu¬ 
tion.  In  this  way,  less  phase  space  is  available  for 
electron-electron  scattering  which  increases  the  T2 
time.  The  origin  of  the  inhomogeneous  broadening 
is  believed  to  be  mainly  due  to  the  interface  rough¬ 
ness  of  the  quantum  wells.  Detailed  band  structure 
calculations  show  that  thickness  fluctuations  of  only 
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Fig.  4.  Intersubband  transition  energy  as  a  function  of  the 
well  width  sclf-consistcntly  calculated  for  n-modulation  doped 
GaAs/Alo.35Ga().65As  quantum  wells  (banicr  width  36  nm,  dop¬ 
ing  concentration  3  x  lO"  cm"“).  The  marked  region  represents 
a  well  width  fluctuation  of  0.3  nm  which  leads  to  a  broadening 
of  the  transition  energy  of  ~  8  mcV. 

one  atomic  layer  (approximately  0.3  nm)  yield  an 
intcrsiibband  broadening  of  8  meV  at  300  K  (sec 
Fig.  4)  which  nicely  compares  with  the  observed 
width  of  the  intersubband  transition.  The  rising  inho¬ 
mogeneous  broadening  with  decreasing  temperature 
is  not  understood  finally.  A  preliminary  explanation 
is  as  follows:  The  well  width  fluctuations  lead  to  a 
distribution  of  islands  in  the  quantum  wells  which 
exhibits  local  energy  minima  in  the  lowest  subband 
[10].  Lateral  transitions  between  these  local  minima 
may  require  thermal  energy  which  is  not  available  at 
low  temperature.  The  inhomogeneous  broadening  at 
low  temperatures  represents  the  distribution  of  these 
minima.  At  higher  temperatures,  however,  transitions 
between  local  minima  become  possible  and  the  elec¬ 
trons  accumulate  in  the  islands  of  the  lowest  energy 
resulting  in  a  narrower  line  width. 


Quite  interesting  is  the  dynamics  of  the  transient 
holes  which  will  be  discussed  in  details  elsewhere.  In¬ 
creasing  the  delay  time  from  =  —  1  to  1  ps  a  growth 
of  the  Aa  amplitude  and  of  the  spectral  width  and  a 
shift  of  the  holes  towards  the  center  of  the  absorption 
band  are  observed.  These  changes  are  believed  to  be 
mainly  due  to  an  increasing  saturation. 

In  summary,  the  presented  data  clearly  show  the 
inhomogeneous  broadening  of  GaAs/AlGaAs  inter¬ 
subband  transitions.  Work  is  in  progress  to  get  more 
information  on  the  detailed  origin  of  the  inhomoge¬ 
neous  broadening. 
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Abstract 

We  report  the  near-infrared  intersubband  absorption  characteristics  in  Ino.53Ga().47As/AlAso.56Sbo.44  heterostructures  lattice 
matched  to  InP  substrate.  The  intersubband  transition  energy  increases  on  reducing  the  quantum-well  width  and  tends  to 
saturate  at  around  0.65  eV  on  further  reducing  the  InGaAs  layer  thickness  due  to  the  influence  of  the  interface  fluctuations. 
We  present  the  first  report  on  intersubband  absorption  saturation  in  InGaAs/ AlAsSb  QWs  using  a  femtosecond  light  source 
(~  200  fs)  tuned  resonantly  to  the  intersubband  transition  energy  (0.52  eV).  We  observe  a  clear  absorption  saturation  behavior 
of  the  intersubband  transitions.  At  higher  excitation  power,  a  strong  absorption  due  to  interband  two-photon  transitions  occurs. 
The  interband  two-photon  transitions  are  induced  by  the  intersubband  transitions,  as  the  band  gap  of  the  InGaAs  well  layers 
is  resonant  to  the  two-photon  transition  energy  of  the  intersubband  separation  of  this  unique  high-conduction  band-offset 
InGaAs/AlAsSb  quantum-well  system.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Absorption  saturation;  Near  infrared;  InGaGs/AlAsSb  quantum  well 


1.  Introduction 

Optoelectronic  devices  based  on  intersubband  tran¬ 
sitions  (ISB)  in  the  optical  communication  regime 
have  been  receiving  increased  attention  due  to  its 
potential  in  the  development  of  ultrafast  switches 
or  modulators  [1-3]  and  flexibility  to  span  a  large 
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wavelength  range  in  a  detector  array  [4],  Inter¬ 
subband  optical  transitions  for  the  communication 
wavelength  regime  require  materials  with  a  large 
conduction  band  offset  at  the  heterojunction.  Ef¬ 
forts  to  achieve  near-infrared  intersubband  have  been 
aimed  using  strained  InGaAs/AlAs  or  more  recently 
AlGaInN/GaN  quantum- well  structures  [2].  How¬ 
ever,  the  large  lattice  mismatch  between  the  well  and 
the  barrier  or  the  substrate  in  strained-layer  systems 
restricts  the  total  number  of  well  that  can  be  grown, 
limiting  the  effective  intersubband  absorption  within 
the  active  medium  [5,6].  The  near-infrared  (~  0.8  eV) 
intersubband  transitions  in  InGaAs/ A1  As  quantum 
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well  arc  also  restricted  either  by  the  In  segregation 
or  carrier  leakage  [5],  whereas  in  AlGaInN/GaN 
quantum  well  the  shortest  intersubband  transition  en¬ 
ergy  reported  is  0.42  eV  due  to  the  growth  of  high 
Al-contcnt  layers  [2]. 

InGaAs/AlAsSb  quantum  wells  lattice  matched  to 
InP  have  been  found  to  be  ideally  suited  for  near- 
infrared  intersubband  optoelectronic  devices  due  to 
its  large  conduction  band  offset  [7],  a  larger  [8] 
and  sub-picosecond  optical  response  [9,10].  Despite 
the  potentialities  of  this  material  system  there  are  very 
few  reports  of  its  optical  properties  due  to  the  diffi¬ 
culties  involved  in  growing  AlAsSb  material  that  in¬ 
cludes  two  group-V  elements  with  a  large  miscibility 
gap  [1 1].  A  large  intersubband  absorption  coefficient 
has  been  predicted  in  the  communication  wavelength 
regime  but  it  is  yet  to  be  actually  realized  [9].  In  this 
paper,  we  investigate  the  interband  and  intersubband 
optical  properties  of  Ino.53Gao.47As/AlAso.56Sbo.44 
quantum  wells  for  its  possible  use  in  near-infrared 
optoelectronic  devices.  We  investigate  the  well  width 
dependence  of  the  interband  characteristics  of  the 
material  by  photolumincsccnce  (PL)  spectroscopy 
and  the  intersubband  transitions  using  Fourier  Trans¬ 
form  transmission  spectroscopy.  We  report  a  large 
I  SB  absorption  observed  in  the  near-infrared  regime 
from  a  lattice-matched  system.  We  discuss  the  prob¬ 
able  growth  conditions  that  affect  the  intersubband 
transition  in  this  material  system.  We  also  present  the 
first  report  on  the  influence  of  the  excitation  power 
dependence  of  the  transmission  in  the  presence  of 
the  intersubband  transition  in  the  InGaAs/AlAsSb 
material  system. 

2.  Experiment 

InGaAs/AlAsSb  quantum  wells  (QWs)  were  grown 
on  (0  0  1  )-oriented  semi-insulating  InP  substrates  by 
MBE  using  Ga,  In  and  Al  as  type  III  species  and  Sb4 
and  As4  as  the  group  V  species  without  cracking.  The 
details  of  the  growth  has  been  reported  elsewhere  [12]. 
The  lattice  mismatch  Aa/a  of  the  InGaAs  and  AlAsSb 
measured  using  a  high-resolution  four-ciystal  X-ray 
diffractometer  was  found  to  be  less  than  ±3  x  10~^. 
The  InGaAs  well  layers  was  varied  between  15  and 
40  A  and  the  width  of  the  AlAsSb  barrier  layers  was 
optimized  to  88  A. 
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Fig.  1.  Band  profile  of  typc-II  InGaAs/AlAsSb  quantum  well. 

The  PL  measurements  were  carried  out  at  77  K  us¬ 
ing  an  argon-ion  laser  with  an  emission  wavelength  at 
514.5  nm.  The  luminescence  was  dispersed  in  a  0.64 
m  monochromator  and  detected  by  a  cooled  Ge  detec¬ 
tor  using  conventional  lock-in  detection. 

For  detecting  the  intersubband  transitions,  near- 
infrared  polarization  resolved  transmission  spectra 
were  measured  at  room  temperature  with  a  BRUKER 
IFS  66  v/s  FTIR  using  a  near-infrared  white  light 
source  and  cooled  InSb  detector.  The  samples  of  4-5 
mm  length  were  lapped  to  a  thickness  of  200  pm  and 
the  two  end  facets  were  polished  at  45°  to  enable  nor¬ 
mal  incident  light  to  pass  through  a  multiple-reflection 
guided  geometry  yielding  enhanced  ISB  absorption 
in  the  QW. 

The  power  dependence  study  of  the  intersubband 
absorption  was  perfonned  for  a  200  period  QW  with 
a  well  width  of  30  A  doped  to  1  x  10'^  cm“^.  An 
excitation  wavelength  of  2.4  pm  was  generated  using 
an  optical  parametric  amplifier  (OPA)  pumped  by  a 
regenerated  800  nm  light  pulse  from  a  Ti:  Sapphire 
laser.  Two  hundred  femto  seconds  signal  light  pulses 
from  the  OPA  were  generated  with  a  repetition  rate  of 
1  kHz  with  a  1 00  pm  spot  and  were  resonantly  tuned 
to  the  intersubband  energy  separation  of  the  well. 

3.  Results  and  discussion 

A  schematic  band  diagram  of  the  InGaAs/AlAsSb 
heterostructure  is  given  in  Fig.  1.  The  valence  band 
maximum  of  the  AlAsSb  barrier  is  located  above 
the  valence  band  maximum  of  the  InGaAs,  whereas 
the  conduction  band  minimum  resides  within  the  In¬ 
GaAs  layers.  This  leads  to  a  spatially  indirect  optical 
transition  for  the  lowest  interband  energy  levels  with 
a  spatial  separation  of  electrons  and  holes  (type  II 
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Fig.  2.  Well-width  dependence  of  the  low-temperature  PL  spec- 
tmm  of  InGaAs/AlAsSb  quantum  wells  doped  to  1  x  10'‘^  cm“^, 
measured  with  an  excitation  power  of  2  mW. 


transitions).  A  direct  transition  (type  I)  within  the 
InGaAs  layer  between  the  confined  electron  and  the 
quasi-bound  state  is  also  feasible  [13].  However,  in 
narrow  quantum  wells,  the  interband  transitions  are 
found  to  be  dominated  by  a  type  II  transition  [13]. 

Fig.  2  shows  the  photoluminescence  spectra  for 
QWs  with  varying  well  width  (1^)  with  the  PL  in¬ 
tensity  normalized  to  their  respective  peak  intensities. 
The  excitation  of  the  laser  was  2  mW  with  all  the  QWs 
being  unifonnly  doped  to  lO’^  cm“^.  It  is  observed 
that  the  PL  peak  position  shows  an  expected  blue-shift 
with  the  reduction  of  the  quantum  well  width  associ¬ 
ated  with  the  increase  in  the  band  gap  of  the  InGaAs 
layers.  The  PL  spectra  are  relatively  wider  80-100 
meV)  compared  to  conventional  AlGaAs/GaAs  QWs 
not  only  because  of  the  indirect  transition  of  the  type 
II  structure  but  also  likely  due  to  the  influence  of  the 
interface  steps  associated  with  the  InGaAs/AlAsSb 
heterojunction.  The  spectral  width  of  the  30  A  well  is 
relatively  wider  due  to  the  relatively  larger  number  of 
well  200  periods)  compared  to  the  other  samples. 
This  is  consistent  with  the  large  number  of  interfaces 
involved. 

Fig.  3  depicts  the  well-width  dependence  of  the 
intersubband  absorption  spectrum  where  the  absorp¬ 
tion  is  estimated  from  the  logarithmic  ratio  of  the 
TM  to  the  TE  light.  The  QWs  are  uniformly  doped 
to  10*^  cm“^  with  88  periods.  It  is  observed  that 


Fig.  3.  Well-width  dependence  of  room-temperature  intersubband 
absorption  of  InGaAs/AlAsSb  quantum  wells. 


the  intersubband  transition  wavelength  reduces  with 
the  well  width  and  tends  to  saturate  around  L9-2.0 
pm  for  well  width  nan'ower  than  2  nm.  The  shortest 
transition  wavelength  achieved  with  normal  growth 
was  1.95  pm  for  a  1.5  nm  well,  and  the  ISB  ab¬ 
sorption  in  considerably  higher  compared  to  strained 
layer  QWs  [5,  6].  It  corresponds  to  an  absorption 
coefficient  of  about  5000  cm“’  at  2,4  pm.  The  ob¬ 
served  peak-ISB  transition  wavelength  is  red  shifted 
compared  to  the  theoretical  estimation  based  on  a 
simple  envelope  wave-function  approximation.  This 
deviation  increases  for  narrower  well  as  the  interface 
gradient  of  2-3  monolayers  becomes  comparable  to 
the  intended  well  thickness  of  5-6  monolayers.  The 
interface  quality  and  the  actual  well  width  of  the 
narrow  QWs  are  therefore  a  suspect.  It  has  also  been 
reported  that  AlAsSb/InGaAs  hetero-interface  forms 
a  terrace-like  stepped  structure  [14].  This  would  re¬ 
sult  in  an  increase  of  the  ground- subband  potential 
from  the  bottom  of  the  conduction  band  and  a  lower¬ 
ing  of  the  upper  conduction  band  subband  potential 
on  reducing  the  well  width,  leading  to  a  saturation 
of  the  ISB  transition  energy.  The  apparent  reduction 
in  ISB  absorption  with  the  well  width  is  associated 
to  the  decrease  in  the  active  layer  (effective  carrier 
concentration  in  the  QW)  thickness,  as  the  well  num¬ 
ber  has  been  maintained  constant.  We  have  observed 
that  improving  the  interface  quality  can  further  re¬ 
duce  the  transition  wavelength.  Efforts  are  underway 
to  achieve  a  consistent  and  higher  ISB  absorption  at 
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Fig.  4.  Power  dependence  of  the  transmitted  light  at  2.4  pm  through 
a  200  period  quantum  well  with  a  width  of  30  A;  pulse  width 
--  200  fs. 

shorter  wavelength  by  optimizing  the  growth  tech¬ 
nique  by  incorporating  AlAs  between  the  interface 
layers  or  by  strain  compensation  [12]. 

The  I  SB  transition  wavelength  can  be  reduced  dras¬ 
tically  to  the  communication  wavelength  regime  by 
using  coupled  quantum  wells.  We  have  achieved  inter¬ 
subband  transition  simultaneously  at  1.33  and  1.55  pm 
utilizing  the  miniband  transitions  in  a  coupled  quan¬ 
tum  well  [15]. 

Fig.  4  shows  the  power  dependence  of  the  transmit¬ 
ted  signal  at  2.4  pm  through  a  200  period  MQW  with 
a  well  width  of  30  A  that  exhibits  an  intersubband  ab¬ 
sorption  at  2.4  pm.  Wc  observe  a  saturation  behavior 
of  the  intersubband  absorption  on  increasing  the  input 
power.  On  increasing  the  OPA  input  power  beyond  a 
few  hundred  pW  a  strong  absorption  of  the  signal  is 
observed.  This  is  due  to  the  interband  two-photon  ab¬ 
sorption,  which  is  allowed  when  the  ground  state  con¬ 
duction  subband  is  depopulated  by  optical  pumping  to 
the  upper  state  in  presence  of  intersubband  transition. 
The  PL  spectrum  shows  that  for  a  30  A  well  width 
MQW  the  interband  gap  energy  is  1.0  eV,  which  is 
exactly  at  the  two-photon  resonance  of  the  intersub¬ 
band  separation  corresponding  to  0.5  eV.  As  the  elec¬ 
tron  from  the  first  conduction  subband  state  |cl)  is 
excited  to  the  upper  state  |c2),  the  interband  absorp¬ 
tion  due  to  the  two-photon  process  is  initiated.  In  the 
inset  the  transmission  of  s-polarized  light  is  shown. 
As  the  s-polarizcd  light  does  not  excite  ISB  transi¬ 
tions,  it  docs  not  undergo  any  absorption  due  to  the 


two-photon  process  as  the  first  conduction  subband 
states  are  totally  occupied  in  the  doped  QW.  This  is  a 
unique  feature  of  this  narrow-band  gap  material  sys¬ 
tem  with  a  large  conduction  band  offset  and  needs  to 
be  investigated  in  further  detail  for  applying  this  ma¬ 
terial  for  practical  devices. 

In  conclusion,  we  report  the  intersubband  ab¬ 
sorption  characteristics  in  a  novel  lattice-matched 
InGaAs/AlAsSb  quantum  well.  The  intersubband 
transition  wavelength  tends  to  saturate  due  to  the  in¬ 
terface  non-abruptness.  We  observe  absorption  satura¬ 
tion  behavior  in  this  material  system  for  the  first  time 
and  also  observed  an  intersubband  transition-initiated 
two-photon  interband  absorption  process  in  a  30  A 
MQW.  As  the  threshold  for  the  two-photon  process  is 
found  to  be  very  high  compared  to  the  intersubband 
absorption  saturation  power,  it  is  not  expected  to 
impede  the  performance  of  ISB-based  optoelectronic 
devices. 
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Abstract 

We  have  generated  terahertz  (THz)  optical  sidebands  on  a  near-infrared  probe  beam  by  driving  an  excitonic  intersubband 
resonance  with  THz  electric  fields.  We  use  THz  radiation  polarized  along  the  non-centro-symmetric  axis  of  a  quantum 
well  system  to  generate  a  comb  of  sidebands  cosidcband  =  <^n!r  +  wcutiiz-  In  exploring  the  rich  polarization  of  the  process’s 
power,  and  NIR  frequency  dependences  we  encounter  both  an  efficient  perturbative  regime  modeled  by  a  non-linear 
susceptibility,  and  a  non-pcrturbative  regime  which  has  not  been  previously  explored  in  driven  quantum  systems.  ©  2000 
Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Subbands;  Frequency  mixing;  Terahertz  optical  sidebands 


Recently,  two-color  frequency  mixing  experiments 
have  been  used  to  generate  “sidebands”  on  a  NIR 
optical  beam,  in  a  terahertz  analogue  of  RF  hetero¬ 
dyning.  The  NIR  was  resonant  with  a  quantum  well 
interband  transition  and  the  THz  pump  beam  inter¬ 
acted  with  intra-band  transitions  whose  dipole  mo¬ 
ments,  for  experimental  convenience,  were  polarized 
in  the  well  plane  [1-3].  In  this  geometry  the  intra-band 
system  is  centro-symmetric  and  only  even  sidebands, 
t^7sidcband  =  t^NiR  +  2«ajTHz  whcrc  conirCwthz)  is  the 
frequency  of  the  NIR  (THz)  beam  and  n  =  1,2,..., 
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were  seen.  However,  the  resonance  behavior  of  the 
sideband  emission  allowed  spectroscopy  of  the  inter¬ 
nal  structure  of  magneto-exciton  transitions  [2]. 

For  the  further  application  of  THz  EO  effects 
in  non-linear  spectroscopy  and  in  ultrafast  optical 
phase/amplitude  modulation,  the  ability  to  excite 
THz  optical  sidebands  of  all  orders,  particularly  the 
efficient  first-order  process,  is  important.  By  using  an 
asymmetric  coupled  quantum  well  (ACQW)  structure 
to  break  inversion  symmetry  in  the  THz  dipoles,  and 
by  polarizing  the  THz  radiation  in  the  QW  normal 
we  here  demonstrate,  for  the  first  time,  resonant  THz 
NIR  modulation. 

The  sample  was  grown  by  molecular  beam  epi¬ 
taxy  on  a  semi-insulating  GaAs  substrate.  It  consists 
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Fig.  1.  (a)  Schematic  of  asymmetric  coupled  quantum  well 
(ACQW)  sample  on  distributed  Bragg  reflector  (DBR)  used  for 
sideband  generation,  (b)  CW  reflectivity  and  PL  excitation  spectra. 


of  25  periods  of  imdopcd  ACQW,  each  consisting  of 
7.5  and  8.5  nm  GaAs  quantum  wells  separated  by 
a  2.3  nm  AlojGaojAs  barrier.  The  two  lowest  ly¬ 
ing  electron  (heavy  hole)  subbands  are  calculated  to 
be  split  by  12  meV  (3  mcV).  Below  the  quantum 
wells  is  a  distributed  Bragg  reflector  (DBR)  consist¬ 
ing  of  a  24-pcriods  of  66.3  nm  AIAs  and  58.3  nm 
Ain, 3  GaojAs.  The  90  nm  wide  DBR  passband  was 
centered  on  the  low-temperature  ACQW  band  gap 
(Fig.  1). 

The  THz  sources  were  the  UCSB  free-electron 
lasers,  which  provide  several  kilowatts  of  tunable 
THz  radiation  from  0.3-4. 5  THz  in  2-6  ps  pulses 
at  1  Hz.  The  THz  beam  propagated  in  the  QW 
plane  and  was  focused  onto  the  cleaved  edge  of 
the  sample  at  f^l2  K.  Simultaneously,  ^5  mW  of 
NIR  radiation  from  a  tunable  Ti  :  sapphire  laser  was 
focused  into  the  same  interaction  volume  in  the  sam¬ 
ple.  The  diffraction-limited  NIR  beam  propagated 
at  near-normal  incidence  through  the  active  ACQW 
region,  reflected  off  the  DBR,  and  made  a  second 


Fig.  2.  Experimental  geomctiy. 


pass  through  the  ACQW  region  before  being  col¬ 
lected  by  an  optical  fiber  bundle.  The  collected  light 
was  dispersed  in  a  0.85  m  double-monochromator 
and  detected  with  a  cooled  GaAs  photomultiplier 
(Fig.  2). 

The  sidebands  were  found  always  to  have  the  same 
linear  and  circular  polarization  state  as  the  incident 
NIR  beam  and  were  detectable  only  when  the  THz  ra¬ 
diation  had  a  linear  polarization  component  normal  to 
the  QW.  These  facts  imply  that  the  sidebands  origi¬ 
nate  from  coherent  virtual  QW  transitions  which  ab¬ 
sorb  neither  energy  nor  momentum  from  the  optical 
fields  and  do  not  depend  on  the  presence  of  real  ex¬ 
cited  carriers. 

The  dependence  of  the  sideband  intensity  on  conir 
and  incident  THz  power  was  studied  at  THz  frequen¬ 
cies:  0.7, 1.5,2.5,3.1  and  3.4  THz  (2.9,6.2,10.3,12.8, 
14.0  meV).  The  results  divided  naturally  into  per¬ 
turbative  “high”-frequency  (cothz  >  2  THz)  and 
non-perturbative  “low”-frequency  (0.7  THz,  1.5  THz) 
cases  (Fig.  3). 

The  typical  “high-frequency  power”  dependence 
of  the  sideband  intensity  (Fig.  3a)  shows  accurate 
linear  and  quadratic  dependences  on  THz  intensity 
for  the  leu  and  2eu  sidebands,  respectively,  char¬ 
acteristic  of  a  perturbative  interaction  that  can  be 
described  [4]  by  non-linear  susceptibilities  and 
The  low-frequency  case  (Fig.  3b)  is  qualita¬ 
tively  different:  the  simple  linear/quadratic  power 
dependence  breaks  down  at  low  intensities,  saturating 
and  starting  to  oscillate.  This  regime,  characterized  by 
j^Ey^yJficDjwj  1  where  is  the  intersubband  dipole 
moment,  and  Ejwz  the  amplitude  of  the  THz  electric 
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(a) 


0  0.2  0.4  0.6  0.8  I 

Incident  2.5  THz  power  (normalized) 

(b) 


0  0.2  0.4  0.6  0.8 


Incident  0.7  THz  power  (normalized) 

Fig.  3.  THz  power  dependence  of  the  Iw  (circles)  and  2co 
(triangles)  sideband  intensities  at  (a)  coynz  =  2.5  THz  and  (b) 
=  0.7  THz.  Solid  lines  are  linear  and  quadratic  fits,  dotted 
lines  are  a  guide  to  the  eye.  Insets:  Typical  sideband  emission  spec¬ 
tra.  Full  THz  power  is  kW  at  an  intensity  of  ^2  MW  cm““. 
The  NIR  intensity  was  «250  W  cm“^. 


field  [5,6]  is  easier  to  access  at  lower  THz  frequen¬ 
cies.  It  marks  the  boundary  between  “perturbative” 
and  “non-perturbative”  pictures  of  the  strongly  driven 
2D  electronic  system. 

In  a  perturbative  treatment,  which  considers  only 
the  discrete  excitonic  states  while  neglecting 
the  electron-hole  interaction  and  continuum,  the 
second-order  susceptibility  for  the  -him  sideband  is 
written  as  follows: 


where  x(z)  is  the  dipole  moment  in  the  NIR  (THz) 
polarization,  |0)  is  the  vacuum  state  with  no  excitons 
\EpHq)  are  excitonic  states  (including  both  heavy  and 
light  holes),  fio^pq  is  the  energy  of  the  \EpHq)  state 
relative  to  the  vacuum  and  T  is  a  phenomenological 
linewidth. 

The  electron— heavy  hole  interband  dipole  matrix 
element  is  given  by 

m=lij  dz,  (2) 

where  the  constant  is  the  dipole  matrix  element  be¬ 
tween  electron  and  heavy-hole  band  edge  Bloch  wave 
functions  [7].  The  light-hole  interband  dipole  matrix 
element  is  given  by 

=  \pj  n.,(^)n„(")d^-  o) 

The  factor  of  |  is  due  to  the  symmetry  of  the 

light-hole  band  [7,8].  The  intersubband  dipole  matrix 
element  is 

{E,,H,\z\E„,H„)  =  J  Wliz)zWliz)dz 

- 1  nM)z'F*^S^)dz,  (4) 

where  the  minus  sign  reflects  the  fact  that  electrons 
and  holes  are  of  opposite  charge. 

The  solid  lines  in  Fig.  4  are  the  square  moduli  of 
based  on  Eqs.  (1  )-(4).  The  energies  hcopg  -  £'gap 
were  calculated  by  solving  the  ID  Schroedinger  equa¬ 
tion  for  the  quantum  well  using  standard  values  for  the 
electron,  heavy-  and  light-hole  effective  masses  (8). 
All  confined  states  in  the  ACQW  were  included.  The 
values  for  the  band  gap  E'gap  and  linewidth  E  were  de¬ 
termined  by  measuring  the  reflectivity  spectrum  while 
under  THz  illumination.  At  high  THz  frequencies  the 
main  effect  of  the  THz  field  on  the  reflection  spectrum 
was  a  uniform  red  shift  of  1—2  meV  of  the  excitonic 
features,  which  is  consistent  with  direct  local  lattice 
heating  to  ?^25  K. 


{0\x\EpHq)  {EpHq  \z\EM,){E,Mn  |^|0) 
P'^cOpq  -  conir  -  wthz  +  iF)(a;,„„  -  conir  +  if’)’ 


X^^^(cONIR  +  WTHz.Ct)N!R,<^THz)  ^ 


(1) 
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II 


NIR  energy  (eV) 

Fig.  4.  +lf/j  sideband  intensity  versus  tonir.  Diamonds;  data.  Line: 
calculated  .  (a)  (Oju,  =  3.1  THz.  (b)  Wtu.  =  2.5  THz.  (c) 

(0x11/  =  0.7  THz.  Mixing  is  enhanced  when  either  the  NIR  fun¬ 
damental  or  the  sideband  is  resonant  with  peaks  in  the  interband 
DOS,  and  maximizes  when  both  NIR  and  THz  frequencies  si¬ 
multaneously  resonate  with  interband  and  intersubband  transitions, 
respectively  (c.g.  (a),  rightmost  peak  in  (b)). 


In  Fig.  4c  cojn/ =  0.7  THz/2. 9  meV  (the  same 
low-frcqiicncy  case  which  displayed  the  non-mono- 
tonic  power  dependence  in  Fig.  lb),  the  NIR  resonant 


structure  shows  an  additional  strong  peak  not  pre¬ 
dicted  by  perturbation  theory.  This  regime,  the  sub¬ 
ject  of  current  active  study,  involves  a  rich  interplay 
between  non -perturbative  modification  of  the  2D  den¬ 
sity  of  states  and  a  strong  field  THz  modulation  of  the 
NIR  beam  (see  e.g.  Ref  [9]). 

In  conclusion,  we  have  observed  first-  and 
higher-order  THz  sidebands  resonantly  generated  on  a 
NIR  carrier  beam  for  the  first  time.  The  experimental 
evidence  implies  that  they  are  generated  coherently 
and  could  find  application  in  a  number  of  interesting 
coherent  spectroscopy  and  optical  information  pro¬ 
cessing  schemes,  including  THz  phase  and  amplitude 
coherent  modulation/demodulation  systems. 


References 

[1]  K.B.  Nordstrom,  K.  Johnson,  S.J.  Allen,  A.P.  Jauho, 
B.  Birnir,  J.  Kono,  T.  Noda,  H.  Akiyama,  H.  Sakaki,  Phys. 
Rev.  Lett.  81  (1998)  457. 

[2]  J.  Kono,  M.Y.  Su,  T,  Inoshita,  M.S.  Sherwin,  S.J,  Allen, 
H.  Sakaki,  Phys.  Rev.  Lett.  79  (1997)  1758. 

[3]  J.  Ceme,  J.  Kono,  T.  Inoshita,  M.S.  Sherwin,  M.  Sundaram, 
A.C.  Gossard,  Appl.  Phys.  Lett.  70  (1997)  3543. 

[4]  R.  Boyd,  Nonlinear  Optics,  Academic  Press,  New  York,  1992, 

p.  102. 

[5]  K.  Johnsen,  A.P.  Jauho,  Phys.  Rev.  B  57  (1998)  8860. 

[6]  T.  Fromherz,  Phys.  Rev.  B  56  (1997)  4772. 

[7]  G.  Bastard,  Wave  Mechanics  Applied  to  Semiconductor 
Heterostructures,  Les  Editions  de  Physique,  Les  Ulis  Cedex, 
1988,  pp.  43-46,  247-249. 

[8]  P.  Yu,  M.  Cardona,  Fundamentals  of  Semiconductors, 
Springer,  Heidelberg,  1996,  pp.  68-70. 

[9]  K.  Johnsen,  A.-P.  Jauho,  Phys.  Rev.  Lett.  83  (1999)  1207. 


PHYSICA 


ELSEVIER 


Physica  E  7  (2000)  191-199 


www.elsevier.nl/locate/physe 


Collective  effects  in  intersubband  transitions 

R.J,  Warburton"’  *,  K.  Weilhammer^,  C.  Jabs^  J.P.  Kotthaus",  M.  Thomas’’,  H.  Kroemer’’ 

^Center  for  NanoScience  and  Sektion  Physik,  LMU,  Geschwister-SchoU-Platz  1, 

80539  Miinchen,  Germany 

^Department  of  Electrical  and  Computer  Engineering,  University  of  Ccdifornia,  Santa  Barbara,  CA  93106,  USA 


Abstract 

We  present  experiments  on  the  intersubband  resonance  (ISR)  in  InAs/AlSb  quantum  wells  with  the  aim  of  understanding 
the  linewidth.  We  find  that  fluctuations  in  the  well  width  dominate  the  scattering  right  up  to  temperatures  well  beyond  room 
temperature.  ISR  with  two  occupied  subbands  is  used  to  gain  insight  into  these  phenomena.  We  find  clear  evidence  for 
Landau  damping  and  we  argue  generally  that  Landau  damping  represents  the  crucial  scattering  mechanism  for  all  ISRs.  The 
argument  is  strengthened  by  considering  the  intrasubband  plasmon,  where  we  also  find  evidence  for  Landau  damping,  in  this 
case  in  a  magnetic  field.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keyword, s:  Intersubband  resonance;  Linewidth;  Collective  effects;  InAs 


1.  Introduction 

It  has  been  known  for  at  least  20  years  that  in¬ 
tersubband  resonance  (ISR)  is  not  a  single-particle 
process  [1,2].  ISR  is  a  collective  phenomenon,  more 
accurately  described  as  a  plasmon  or  charge-density 
excitation.  There  are  now  a  number  of  experiments 
which  demonstrate  this  point.  One  example  is  the  ISR 
in  a  system  with  a  broad  single-particle  density  of 
states.  This  can  be  achieved  in  a  low-band-gap  system 
such  as  InAs  where  the  separation  between  the  sub¬ 
bands  is  smaller  at  the  Fermi  wave  vector  k  =  than 
at  A:  —  0.  In  such  a  case,  the  ISR  is  a  single,  narrow 
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line:  the  collective  effects  collapse  all  the  available 
oscillator  strength  into  a  single  mode  [3-5].  Another 
example  is  to  probe  the  ISR  in  the  non-linear  regime 
with  a  very  intense  source.  In  this  case,  optical  pump¬ 
ing  of  the  carriers  weakens  the  collective  effects  and 
the  ISR  red-shifts  [6]. 

The  collective  effects  shift  the  energy  away  from  the 
single-particle  energy  separating  the  subbands.  This 
shift  however  represents  typically  only  a  small  pro¬ 
portion  of  the  ISR  energy  as  there  are  two  competing 
effects.  The  direct  electron-electron  interaction,  often 
referred  to  as  the  depolarisation  field  in  this  context, 
and  the  exchange-correlation  interaction  cause  blue- 
and  red-shifts,  respectively,  and  tend  to  cancel  [7,8]. 
This  enables  the  ISR  energy  to  be  estimated  to  the 
10%  level  simply  with  a  single-particle  calculation. 
It  is  now  widespread  practice  to  model  all  ISRs,  in 
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particular  in  ISR-bascd  emitters  and  detectors,  with 
the  single-particle  states.  While  this  approach  may  be 
satisfactoty  for  the  ISR  energy  we  argue  here  that  it  is 
very  misleading  for  the  scattering  mechanisms  which 
determine  the  ISR  linewidth. 

The  purpose  of  the  present  work  is  to  examine  the 
linewidth  of  the  ISR.  In  the  best  samples,  the  ISR 
linewidth  is  homogeneously  broadened,  in  which  case 
the  linewidth  is  determined  by  scattering  mechanisms 
[9,10].  In  another  terminology,  the  linewidth  is  in¬ 
versely  related  to  the  dephasing  time  of  the  ISR.  There 
exist  some  experimental  studies  of  the  linewidth:  it 
would  appear  that  the  linewidth  is  determined  by 
elastic,  momentum  non-conserving  scattering  off  ex¬ 
trinsic  defects  such  as  interface  roughness  or  ionised 
impurities  [10].  The  temperature  dependence  has  not 
been  extensively  explored,  but  there  are  some  reports 
that  at  least  for  GaAs-based  devices  the  room  temper¬ 
ature  linewidth  is  comparable  to  the  low-temperature 
linewidth  [11-13].  Furthermore,  the  ISR  linewidth 
has  no  obvious  correlation  with  the  transport  mobility 
[10].  Theoretically,  we  arc  not  aware  of  a  microscopic 
approach  to  compute  the  linewidth.  In  fact,  the  ISR 
linewidth  is  usually  described  with  the  single-particle 
scattering  rates. 

We  present  here  a  detailed  study  of  ISR  of 
InAs/AlSb  quantum  wells.  We  find  that  the  ISR 
linewidth  rises  strongly  with  reducing  well  width  but 
has  a  very  weak  temperature  dependence.  We  argue 
that  the  weak  temperature  dependence  cannot  be  eas¬ 
ily  understood  in  a  single-particle  picture.  Instead,  we 
propose  a  collective  picture  based  on  Landau  damp¬ 
ing.  This  model  is  supported  by  experiments  on  a 
quantum  well  with  two  occupied  subbands  where  we 
sec  the  direct  consequences  of  Landau  damping  [14]. 
We  also  present  results  on  the  intrasubband  plasmon 
which  support  our  assertion  that  Landau  damping  is 
the  crucial  scattering  mechanism  for  plasmons  in  this 
material  system. 


2.  Samples  and  experiments 

The  In  As  quantum  wells  were  all  grown  on  GaAs 
substrates  with  AlSb  barriers.  In  order  to  investigate 
the  well  width  dependence  of  the  ISR,  we  looked  at  a 
number  of  samples,  each  with  12  quantum  wells  and 


carrier  densities  within  10%  of  10'^  cm“^,  with  well 
widths  60,  70,  85,  100,  130  and  150  A.  The  wells  are 
all  d  doped  50  A  away  from  the  interfaces,  and  the 
wells  are  separated  by  100  A  of  AlSb.  One  sample  has 
a  higher  doping  concentration  and  also  wider  wells, 
180  A.  In  this  case,  two  subbands  are  occupied  as  re¬ 
vealed  by  a  beating  in  the  Shubnikov-de  Haas  oscilla¬ 
tions.  By  analysing  the  oscillations  we  detennined  the 
densities  of  the  first  and  second  subbands  (labelled  1 
and  2)  to  be  n\  =  1.89  x  10^^  cm^^  and  ni  —  0.74  x 
10^^  cm"^,  respectively.  We  have  also  investigated  an 
additional  sample  with  a  single  150  A  InAs  quantum 
well  with  carrier  density  0.9  x  10'^  cm“^  and  partic¬ 
ularly  high  mobility,  ca.  0.5  x  10^’  cm^/V  s. 

The  ISR  was  excited  in  three  different  ways.  The 
first  technique  was  simply  to  tilt  the  sample  with 
respect  to  the  incident  beam  (loosely  referred  to  as 
Brewster  geometry).  The  second  technique  was  to 
deposit  a  thick  layer  of  silver  onto  the  sample  surface 
and  to  illuminate  the  bevelled  edges  of  the  sample 
(strip-line  geometry).  This  tended  to  give  very  strong 
resonances  and  in  some  cases  we  deposited  only  a  0.2 
mm  wide  strip  of  silver  in  order  to  avoid  saturation 
effects.  The  third  technique  was  to  use  crossed  elec¬ 
tric  and  magnetic  field  (Voigt  geometry)  [15].  The 
magnetic  field  (up  to  12  T)  lies  in  the  plane  of  the 
quantum  well  as  does  the  electric  field  of  the  light. 
This  geometry  gives  much  weaker  resonances  than  in 
the  strip-line  geometry,  ruling  out  saturation  effects, 
and  allows  the  ISR  matrix  element  to  be  determined 
simply  from  the  resonance  intensity. 

The  ISRs  lie  in  the  mid  infrared  and  were  recorded 
with  a  Fourier  transform  spectrometer  and  variety  of 
detectors  (low-temperature  Ge  :  Cu  photoconductor, 
HgCdTe  photoconductor  and  a  DLTS  detector).  A  ref¬ 
erence  spectrum  was  taken  at  normal  incidence  (Brew¬ 
ster  geometry),  from  a  sample  with  a  different  well 
width  (strip-line  geometry),  or  at  zero  magnetic  field 
(Voigt  geometry). 

Related  to  the  ISR  is  the  intrasubband  plasmon. 
However,  the  energy  of  the  intrasubband  plasmon  is 
zero  at  zero  wave  vector,  and  so  in  order  to  excite 
a  plasmon  we  supplied  an  additional  impulse  with  a 
metallic  grating  on  the  sample  surface.  The  intrasub¬ 
band  plasmon  has  a  much  smaller  energy  than  the  in¬ 
tersubband  plasmon  corresponding  to  wavelengths  in 
the  far-infrared  region  which  we  detected  with  a  2  K 
composite  Si  bolometer. 
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Well  width  (A) 

Fig.  1.  The  lincwidth  of  the  intersubband  resonance  (ISR)  against 
well  width.  The  solid  symbols  represent  the  measurements  on 
InAs/AlSb  quantum  wells  at  4.2  K  with  electron  densities  around 
10 cm"‘.  The  dotted  curve  is  F  oc  dE^/dL  where  the  sepa¬ 
ration  between  the  first  and  second  subbands  £12  was  calculated 
with  the  Kane  model,  and  the  curve  was  made  to  pass  through 
the  point  for  well-width  180  A.  The  solid  curve  is  a  fit  to  the 
experimental  data. 

For  both  the  ISR  and  the  intrasubband  plasmon, 
the  experimental  resonances  are  close  to  Lorentzian 
in  shape  and  we  therefore  infer  that  the  broadening  is 
predominantly  homogeneous. 

3.  The  intersubband  resonance 

3. 1.  Temperature  and  well-width  dependence  of  the 
linewidth 

Fig.  1  shows  the  linewidth  of  the  ISR  plotted  against 
well  width  for  a  temperature  of  4.2  K.  It  can  be  seen 
that  the  linewidth  rises  quite  rapidly  with  decreasing 
well  width.  The  most  obvious  explanation  is  that  well 
width  fluctuations  are  responsible  for  the  linewidth  be¬ 
cause  they  increase  in  importance  as  the  well  narrows. 
Other  possible  scattering  mechanisms,  for  instance  off 
ionised  impurities  and  phonons,  would  not  have  such 
a  strong  well-width  dependence.  Fig.  2  shows  the 
linewidth  against  temperature  for  the  sample  with  1 80 


Fig.  2.  The  ISR  linewidth  for  a  180  A  quantum  well  with 
2.63  X  10*“  cm~-  earner  density  plotted  against  temperature.  Note 
that  the  temperature  scale  extends  to  well  above  room  temperature. 

A  well  width.  ’  It  can  be  seen  that  the  linewidth  is 
remarkably  insensitive  to  temperature,  increasing  by 
barely  50%  right  up  to  700  K,  i.e.  well  above  room 
temperature.  It  can  therefore  be  concluded  that  scatter¬ 
ing  off  well-width  fluctuations  is  the  dominant  dephas¬ 
ing  mechanism  even  at  high  temperature.  As  in  Ref 
[10]  we  find  no  correspondence  of  the  intersubband 
lifetime  with  the  transport  mobility.  At  low  tempera¬ 
ture  for  instance  we  have  two  samples  with  1 50  A  well 
width  with  transport  mobilities  differing  by  an  order 
of  magnitude.  Nevertheless,  the  ISR  linewidths  differ 
by  no  more  than  10%.  As  the  temperature  increases, 
the  transport  mobility  decreases  rapidly  as  scattering 
off  LO  phonons  becomes  more  prevalent  yet  the  ISR 
linewidth  is  largely  unchanged. 

It  is  difficult  to  account  for  the  dependence  of 
the  ISR  linewidth  on  well  width  and  its  indepen¬ 
dence  on  temperature  in  a  single-particle  model.  At 
low  temperature,  one  would  naively  expect  that  the 
linewidth  increases  as  l/I^  This  is  too  strong  a  de¬ 
pendence  on  well  width,  partly  due  to  the  neglect  of 

*  Plotted  in  Fig.  2  is  the  linewidth  of  the  2--3  ISR  of  the 
sample  with  two  occupied  subbands.  The  sample  with  150  A  well 
width  and  a  singly  occupied  subband  showed  essentially  the  same 
behaviour. 
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Fig.  3.  The  measured  ISR  for  a  180  A  InAs  quantum  well  with  two  occupied  subbands.  Results  of  the  calculations  are  also  shown:  the 
dotted  curve  is  without  collective  effects;  the  solid  curve  includes  collective  elTccts  in  the  self-consistent  field  approximation  (Ando  model). 


the  nonparabolicity  in  the  InAs  band  structure  which 
weakens  the  well-width  dependence.  It  is  straight¬ 
forward  to  incorporate  the  nonparabolicity  with  the 
Kane  model  [4]  and  this  yields  the  dotted  cur\^e  in 
Fig.  1.  The  curve  rises  more  rapidly  than  the  experi¬ 
mental  data  points  and  this  represents  a  failure  of  the 
single-particle  picture.  The  temperature  dependence  is 
still  more  striking.  All  estimates  of  the  ISR  linewidth 
from  LO  phonon  scattering  arc  in  the  range  of  a 
few  meV  [9,16].  On  increasing  the  temperature,  the 
LO  phonon  emission  rate  should  increase  as  1  -F  n^o 
where  /7lo  is  the  LO  phonon  occupation.  This  factor 
doubles  between  0  and  600  K.  Furthermore,  absorp¬ 
tion  of  LO  phonons  should  also  eontribute  to  the 
linewidth  at  elevated  temperatures.  In  other  words, 
in  a  single-particle  picture  the  ISR  linewidth  should 
show  a  much  stronger  dependence  on  temperature 
than  is  observed  experimentally. 

3.2.  ISR  for  two  occupied  suhhcmds 

In  order  to  probe  this  issue  further,  we  present  the 
ISRs  of  the  sample  with  two  occupied  subbands.  The 
transmission  spectrum  at  low  temperature  is  shown 
in  Fig.  3.  There  are  two  resonances  as  expected,  one 
corresponding  to  the  1-2  ISR,  and  one  to  the  2-3  ISR. 


It  is  interesting  to  note  that  the  1-2  ISR  is  weaker  than 
the  2-3  ISR  and  we  first  discuss  this  point. 

In  a  single-particle  picture,  the  oscillator  strength  of 
the  1-2  ISR  is  proportional  to  (t?!  —  772)^^2^12  and  the 
oscillator  strength  of  the  2-3  ISR  is  proportional  to 
n2zl^E2:>>z\2  (^23)  is  2-dipole  matrix  element  element 
between  the  first  and  second  (second  and  third)  sub¬ 
bands.  For  the  present  sample,  {n\  -  772)  >  772  and  the 
matrix  elements  212  and  223  are  approximately  equal. 
(Including  band  nonparabolicity,  we  calculate  212  = 
36.5  and  223  =  39.5  A).  Hence,  in  the  single-particle 
picture  the  1-2  :  2-3  intensity  ratio  should  be  1.3  :  1. 
In  the  experiment  however,  the  ratio  is  0.5  :  1.  The  ex¬ 
planation  is  that  the  depolarisation  field  not  only  shifts 
both  the  1-2  and  2-3  ISRs  to  higher  energy  but  it 
also  couples  the  two  resonanees.  An  analogy  with  two 
coupled  pendulums  can  be  made:  there  is  an  in-phase 
normal  mode  (2-3 )  and  an  out-of-phase  normal  mode 
(1-2).  The  out-of-phase  mode  couples  weakly  to  the 
long  wavelength  electric  field  of  the  light.  A  sum  rule 
on  the  oscillator  strength  is  bound  to  exist  so  that  the 
2-3  ISR  gains  intensity  from  the  1-2  ISR.  It  should 
be  noted  that  the  terminology  1-2  and  2-3  is  only  ap¬ 
proximate  as  the  depolarisation  field  admixes  the  two 
ISRs.  As  the  carrier  intensity  increases,  the  coupling 
becomes  stronger  such  that  the  2-3  mode  takes  es- 
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Fig.  4.  The  in-plane  dispersion  of  the  subbands  in  a  180 
A  InAs/AlSb  quantum  well  calculated  with  four  band  k  •  p 
theory.  Static  many-electron  effects  have  been  neglected.  The 
low-temperature  Fermi  energy  and  the  con-esponding  Fermi 
wave  vectors  and  are  shown  as  dotted  lines.  The  energy 
zero  lies  at  the  bottom  of  the  InAs  well. 


sentially  all  of  the  oscillator  strength.  This  is  exactly 
what  is  observed:  at  6  x  10*^  cm“^  for  instance  we 
can  only  observe  a  single  ISR. 

The  claim  is  that  the  depolarisation  field  not  only 
quenches  the  broadening  in  the  single-particle  spec¬ 
trum  but  also  transfers  oscillator  strength  from  the  1- 
2-like  ISR  to  the  2-3-like  ISR.  To  confirm  this  point, 
we  have  carried  out  calculations  in  the  Ando  for¬ 
malism  (self-consistent  field  approximation)  [2].  The 
formalism  was  extended  to  include  both  multiply 
occupied  subbands  and  elevated  temperatures.  At  the 
carrier  densities  here,  the  depolarisation  field  is  the 
dominant  collective  interaction  so  for  simplicity  we 
have  neglected  the  exciton  term.  The  single-particle 
states  were  calculated  with  the  Kane  model  and  their 
dispersions  are  shown  in  Fig.  4.  As  a  check,  we  fixed 
the  Fermi  energy  such  that  the  total  carrier  concentra¬ 
tion  is  +  W2  =  2.63  X  10'^  cm~^,  the  experimental 
value,  and  compared  the  calculated  n\  wii  ratio  to 
the  experimental  one.  The  agreement  was  better  than 
10%.  The  Ando  theory  assumes  that  all  single-particle 
states  have  an  inhomogeneous  width  F  which  is  state 


and  temperature  independent.  The  calculation  gives 
most  directly  the  real  part  of  the  out-of-plane  dynamic 
conductivity  (cr--(£’))  at  zero  wave  vector  q  =  0. 
This  is  linearly  related  to  the  absorption;  (o'r-(^)) 
can  be  directly  compared  to  the  transmission  data. 

Fig.  3  shows  the  results  of  the  calculations  tak¬ 
ing  r  =  \\  meV  to  reproduce  the  experimental 
linewidth.  ^  At  low  temperature,  we  have  an  excellent 
agreement  with  the  experimental  results  supporting 
the  claim  that  the  depolarisation  field  is  responsible 
for  the  transfer  of  intensity  from  1-2  to  2-3.  The  only 
discrepancy  between  the  calculated  and  measured 
spectra  is  the  energy  of  the  1-2-like  mode  which 
is  perhaps  related  to  the  omission  of  exchange- 
correlation  effects. 

We  now  turn  to  the  temperature  dependence.  The 
experimental  data  are  shown  in  Fig.  5a.  It  can  be  seen 
that  the  upper  2-3 -like  ISR  has  a  linewidth  which  is 
only  weakly  temperature  dependent  right  up  to  600  K. 
Conversely,  the  lower  1 -2-like  ISR  broadens  above 
200  K  and  eventually  forms  a  shoulder  of  the  2-3 -like 
ISR.  Our  explanation  is  that  the  lower  mode  becomes 
degenerate  with  single-particle  transitions  as  the  tem¬ 
perature  is  increased  and  this  degeneracy  dephases  the 
ISR.  This  is  an  example  of  Landau  damping  which 
is  known  from  metal  physics  to  be  a  very  effective 
scatterer  of  plasma  oscillations  [17].  In  this  case,  the 
single-particle  transitions  are  between  subbands  2  and 
3  at  high  k  which  have  a  low  energy  because  of  band 
nonparabolicity. 

Calculations  with  the  Ando  formalism  reproduce 
the  experimental  results  very  closely,  as  shown  in 
Fig.  5b.  As  in  the  experiment,  the  lower  ISR  broad¬ 
ens  above  200  K.  To  confirm  our  interpretation  of 
Landau  damping,  we  plot  in  Fig.  6  against 

energy  without  collective  effects.  There  are  two  main 
peaks  corresponding  simply  to  the  1-2  and  2-3  inter¬ 
subband  transitions.  The  peaks  are  broad  due  to  both 
the  assumed  inhomogeneous  broadening  and  the  non¬ 
parabolicity  in  the  band  structure.  The  calculated  en¬ 
ergies  of  the  collective  modes  are  shown  by  the  dot¬ 
ted  lines.  It  can  be  seen  that  at  the  2-3  collective  ISR, 


^  The  line  width  of  the  2-3  ISR  is  ca.  1 1  meV  in  this  strip-line 
experiment  and  is  slightly  larger  than  the  width  determined  fiom 
the  same  sample  in  the  Voigt  geometry  (plotted  in  Figs.  1  and  2). 
This  is  because  saturation  effects  in  the  strip-line  geometiy  could 
not  be  eliminated  completely. 
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Fig.  5.  The  Icmpcratiirc  dependence  of  the  ISR  for  the  180  A 
In  As  quantum  well  with  two  occupied  subbands:  (a)  experimental 
transmission  spectra.  The  spectra  arc  offset  from  1  for  the  various 
temperatures;  (b)  calculations  of  the  real  part  of  the  dynamic 
conductivity,  (T;-,  at  zero  wave  vector  in  the  Ando  model.  The 
curves  arc  offset  from  0  for  clarity. 


there  is  almost  no  change  on  increasing  the  tempera¬ 
ture.  However,  at  the  energy  of  the  1-2  collective  ISR, 
the  single-particle  density  of  states  increases  rapidly 
with  increasing  temperature.  This  supports  the  Landau 
damping  interpretation. 

33.  Discussion  of  the  ISR  linewidth 

Experiments  on  the  sample  with  two  occupied  sub¬ 
bands  show  that  Landau  damping  represents  a  strong 
scattering  mechanism  of  the  ISR.  In  the  experiment, 
the  1-2  mode  broadens  because  it  is  Landau  damped; 
the  2—3  mode  remains  sharp  because  it  is  not.  It  is  pos¬ 
sible  to  explain,  at  least  qualitatively,  the  experimental 
results  against  temperature  and  well  width  also  with 
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Fig.  6.  The  calculated  real  part  of  the  dynamic  conductivity,  Uzz, 
without  collective  effects  at  three  different  temperatures.  The  curves 
conespond  to  the  density  of  single-particle  transitions  with  ^  =  0 
which  form  the  single-particle  background  density  of  states  for  the 
calculations  in  Fig.  5b.  The  two  dotted  lines  show  the  energies  of 
the  calculated  1-2  and  2-3  collective  modes  at  low  temperature. 


Landau  damping.  The  starting  point  is  the  dispersion 
relation  of  the  ISR  and  the  underlying  single-particle 
transitions,  as  shown  in  Fig.  7  for  the  simple  case  of 
an  InAs/AlSb  quantum  well  with  a  singly  occupied 
subband.  The  ISR  has  a  very  weak  dispersion.  The 
single-particle  transitions  correspond  to  all  possible 
transitions  between  occupied  and  unoccupied  states 
and  fall  into  bands  as  shown.  A  number  of  points  can 
be  made  with  this  diagram. 

First,  the  ISR  is  isolated  from  the  single-particle 
transitions  at  ^  =  0.  This  means  that  in  a  pure  system, 
Landau  damping  cannot  take  place,  i.e.  the  resonance 
should  be  sharp.  This  is  exactly  what  is  observed. 
Secondly,  it  is  clear  why  scattering  of  the  ISR  with 
phonons  is  ineffective.  A  phonon  can  only  scatter  the 
ISR  along  its  dispersion  relation  and  this  severely 
limits  the  number  of  phonons  which  can  participate. 
Thirdly,  an  increase  of  temperature  causes  states  at 
higher  k  to  be  occupied  where  the  subbands  are  sepa¬ 
rated  by  smaller  energies  through  band  nonparabolic- 
ity.  This  smears  the  band  of  single-particle  transitions 
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Fig.  7.  The  energy  of  the  collective  modes,  the  ISR  and  intra¬ 
subband  plasmon,  against  in-plane  wave  vector,  q,  along  with  the 
single-particle  transitions  (shaded  areas)  for  a  150  A  InAs/AlSb 
quantum  well  with  a  singly  occupied  subband  with  electron  den¬ 
sity  lO'^  cm““. 


to  lower  energies.  The  important  point  however  is  that 
the  ISR  mode  at  ^  =  0  lies  above  the  single-particle 
transitions  and  so  never  becomes  degenerate  with 
them,  even  at  very  high  temperature.  This,  along 
with  the  comment  concerning  phonon  scattering,  ex¬ 
plains  the  robustness  of  the  ISR  at  high  temperature. 
Fourthly,  the  strong  well-width  dependence  can  also 
be  accommodated  within  this  model.  Short-range 
fluctuations  in  the  plane  with  characteristic  length 
AL  imply  an  uncertainty  in  the  in-plane  ISR  wave 
vector  of  Aq  ~  n/AL.  If  this  Aq  is  large  enough,  the 
ISR  moves  into  a  part  of  its  dispersion  where  Landau 
damping  occurs.  The  strong  well-width  dependence 
arises  from  the  fact  that  the  depolarisation  shift  de¬ 
creases  with  well  width,  implying  that  the  mode  at 
^  =  0  is  energetically  close  to  the  single-particle  states 
at  ^  =  0  for  a  narrow  well.  This  also  means  that  the 
intersection  of  the  ISR  dispersion  curve  with  the  band 
of  single-particle  states  occurs  at  smaller  q.  In  other 
words,  a  given  Aq  is  more  effective  in  scattering  the 
ISR  for  a  nan'ow  well  than  for  a  wide  well.  Finally, 
this  collective  picture  is  quite  different  from  the  usual 
considerations  used  to  describe  the  transport  mobility 
where  scattering  events  which  degrade  the  forward 
momentum  are  important.  It  is  then  no  surprise  that 
the  ISR  line  width  and  transport  mobility  show  no 
obvious  correlation. 
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Fig.  8.  Transmission  spectra  of  a  150  A  InAs/AISb  quantum  well 
with  electron  density  10*^  cm“^  with  a  metallic  grating  on  the 
sample  surface.  The  grating  has  period  1  pm  with  0.5  pm  thick 
stripes.  The  spectra  were  recorded  at  various  temperatures  and  are 
offset  from  1  for  clarity. 


4.  The  intrasubband  plasmon 

Fig.  7  shows  that  there  is  another  plasmon  mode 
in  this  system  in  addition  to  the  ISR.  This  is  the  in¬ 
trasubband  plasmon  which  involves  excitations  only 
in  the  occupied  subbands  and  is  therefore  analogous 
to  plasmons  in  conventional  metals.  However,  as  the 
subbands  are  two-dimensional,  the  dispersion  takes  on 
a  particular  form,  varying  as  y/q.  We  excited  a  plas¬ 
mon  at  ^  =  Injd  with  a  metallic  grating  of  period  d 
on  the  sample  surface.  Fig.  8  shows  the  transmission 
of  a  sample  with  1  pm  grating  on  the  surface  at  zero 
magnetic  field  (.5  =  0)  for  several  temperatures.  The 
mode  at  ca.  6  meV  is  the  intrasubband  plasmon. 

Fig.  8  illustrates  that  the  intrasubband  plasmon  sur¬ 
vives  right  up  to  160  K.  It  is  not  as  robust  at  elevated 
temperatures  as  the  ISR,  but  at  low  temperature  the 
intrasubband  plasmon  does  have  a  smaller  linewidth 
than  the  ISR.  Fig.  9  shows  the  behaviour  of  the  intra¬ 
subband  plasmon  in  a  magnetic  field,  in  this  case  for  a 
sample  with  6  pm  grating  period  where  in  fact  at  least 
two  intrasubband  plasmons  can  be  excited.  The  strong 
absorption  which  increases  in  energy  with  increasing 
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Energy  (meV) 

Fig.  9.  Transmission  spectra  of  a  150  A  InAs/AISb  quantum  well 
al  4.2  K  with  electron  density  10'“  cm"“  with  a  metallic  grating 
on  the  sample  surFicc.  The  grating  has  period  6  pm  with  3  pm 
thick  stripes.  The  data  were  recorded  at  magnetic  fields  0,  1,2, 
3,  4,  5,  and  6  T.  The  curves  arc  offset  from  1  for  clarity. 


magnetic  field  is  simply  the  electron-cyclotron  reso¬ 
nance.  Plasmon  a  merges  with  the  cyclotron  resonance 
around  2  T;  plasmon  b  at  around  6  T.  If  the  plas- 
mons  maintained  their  ^  =  0  linewidths  they  would  be 
strong  enough  to  be  distinguishable  from  the  cyclotron 
resonance.  The  results  in  Fig.  9  imply  rather  that  the 
plasmons  broaden  when  they  are  close  to  the  cyclotron 
resonance.  All  these  elfects  can  be  intrepreted  in  terms 
of  Landau  damping. 

The  intrasubband  plasmon  at  low  temperature  and 
B  =  0  T  is  energetically  separated  from  the  single- 
particle  transitions  and  therefore  exhibits  a  sharp  line. 
As  explained  above,  the  I  SR  mode  at  ^  =  0  never  be¬ 
comes  degenerate  with  single-particle  excitations  and 
this  helps  to  preserve  its  character  at  elevated  tempera¬ 
ture.  However,  the  intrasubband  plasmon  docs  become 
degenerate  with  some  thermally  excited  single-particle 
excitations  because  it  inevitably  has  a  finite  q.  This 
means  that  the  intrasubband  plasmon  is  more  sen¬ 
sitive  to  thermal  smearing  of  the  Fermi  distribution 
than  the  I  SR.  The  scattering  of  the  ISR  is  dominated 
by  elastic,  momentum  nonconsciwing  processes.  Our 


interpretation  is  that  these  processes  scatter  the  ISR 
along  its  dispersion  curve  into  a  region  where  the  ISR 
is  strongly  damped.  Following  this  train  of  thought, 
this  is  less  likely  to  happen  to  the  intrasubband  plas¬ 
mon  because  its  dispersion  has  a  much  stronger  de¬ 
pendence  on  wave  vector.  This  would  explain  why 
at  low  temperature  the  intrasubband  plasmon  has  a 
smaller  linewidth  than  the  ISR.  In  a  magnetic  field, 
the  single-particle  structure  is  changed:  the  available 
density  of  states  is  concentrated  into  Landau  levels. 
Damping  of  the  intrasubband  plasmon  can  then  oc¬ 
cur  through  a  degeneracy  with  transitions  between  the 
Landau  levels  (essentially  cyclotron  resonance).  As 
the  magnetic  field  increases,  the  intrasubband  plas¬ 
mon  becomes  closer  energetically  to  the  cyclotron  res¬ 
onance,  increasing  the  damping. 

These  results  are  significant  as  they  can  be  inter¬ 
preted  with  the  same  picture  as  those  on  the  ISR  de¬ 
spite  the  different  energies  and  dispersions  of  the  two 
excitations.  The  two  modes  are  clearly  related.  It  is 
known  for  instance  that  the  intrasubband  plasmon  and 
the  ISR  repel  each  other  energetically  [18,19].  This 
simply  emphasises  the  point  that  the  ISR  is  a  form  of 
plasma  oscillation  and  not  simply  the  transition  be¬ 
tween  two  quantum  states. 


5.  Conclusions 

We  have  investigated  the  linewidth  of  the  ISR 
in  InAs/AlSb  quantum  wells.  Experimentally,  the 
linewidth  increases  with  decreasing  well  width  but 
exhibits  only  modest  changes  with  increasing  temper¬ 
ature  even  at  temperatures  well  above  room  temper¬ 
ature.  The  implication  is  that  well-width  fluctuations 
represent  the  dominant  scattering  mechanism  at  all 
temperatures.  The  corollary  is  that  well-width  fluctu¬ 
ations  must  be  minimised  for  the  smallest  linewidths 
and  optimum  device  performance.  We  cannot  account 
for  these  results  on  the  linewidth  with  a  single-particle 
model.  Instead,  we  argue  that  the  ISR  linewidth  is 
strongly  influenced  by  the  collective  nature  of  the 
ISR.  We  propose  a  model  based  on  Landau  damp¬ 
ing  which  is  inspired  by  experiments  on  a  sample 
with  two  occupied  subbands.  The  model  can  at  least 
qualitatively  account  for  the  experimental  results. 
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Abstract 

Wc  have  Studied  the  intersubband  resonance  of  GaAs/AlGaAs  multi-quantum  well  systems  by  comparing  photon  drag  and 
absorption  spectra.  The  peak  absorption  at  room  temperature  is  found  to  be  blueshifted  from  the  photon  drag  resonance  by 
as  much  as  33  cm~‘.  Wc  argue  that  this  difference  gives  directly  the  depolarization  shift.  ©  2000  Elsevier  Science  B.V. 
All  rights  reserved. 

Keywords:  Depolarization;  Photon  drag;  Collective  effects;  Screening 


It  is  by  now  commonly  accepted  that  the  inter¬ 
subband  resonance  (ISR)  in  doped  semiconductor 
quantum  well  (QW)  systems  is  not  a  single-particle 
process  but  a  collective  phenomenon  designated  as 
a  plasmon  or  charge-density  excitation  [1].  As  a 
consequence,  the  resonance  energy  observed,  for 
example,  in  a  far-infrared  (FIR)  transmission  or  ab¬ 
sorption  experiment,  does  not  occur  at  the  energy 
given  by  the  single-particle  energy  level  separation. 
Also,  the  line  width  and  linefonn  of  the  resonance 
may  be  affected  by  collective  effects  [2]. 

Numerous  works  have  been  devoted  to  the  de¬ 
termination  of  these  collective  effects  by  studying 
the  dependence  of  the  ISR  on  temperature  [3,4], 
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+41-56-310-2646. 

E-mail  address:  slcphan.graf@psi.ch  (S.  Graf) 


intensity  [5],  and  carrier  density  [6-8].  The  drawback 
of  these  methods  is  that  the  single-particle  effects 
are  distinguished  from  the  many-body  effects  using 
model  calculations,  which  require  knowledge  of  sam¬ 
ple  parameters  such  as  the  electron  concentration, 
effective  mass,  QW  width,  barrier  heights,  etc. 

A  FIR-based  method  which  gives  the  undressed  in¬ 
tersubband  energy  is  the  study  of  the  coupled  inter¬ 
subband  Landau  level  transitions  in  the  limit  of  high 
in-plane  magnetic  fields  [9].  The  single-particle  transi¬ 
tion  energy  is  then  obtained  by  a  proper  extrapolation 
of  the  high-field  data  to  zero  magnetic  field  [10]. 

The  purpose  of  this  paper  is  to  show  that  the  photon 
drag  (PD)  effect  yields  a  new  method  to  directly  ob¬ 
serve  the  depolarization  shift.  In  contrast  to  all  above 
methods,  our  measurement  can  also  be  performed  at 
room  temperature. 
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Fig.  1.  Energy  diagram  with  the  nonvertical  transitions  between 
ground  and  first  excited  subbands  by  absorbing  IR  light  with  a 
wave  vector  q  (for  clarity,  q  has  been  greatly  enlarged).  Due  to 
the  Doppler  effect,  the  absorption  energy  for  a  transition  A  at 
any  negative  k  is  smaller  than  the  corresponding  transition  B  at 
positive  k  by  —  2fikqfm*.  The  transition  probability  (dashed 
line  in  the  graph  to  the  left)  is  equal  for  transitions  A  and  B 
only  at  excitation  with  cojo,  although  the  absorption  (full  line)  is 
maximal  at  the  so-called  dressed  ISR  coio. 


While  the  optical  properties  are  related  to  the  plas- 
mon  excitation  with  a  virtually  negligible  propagation 
vector,  the  photon  drag  is  a  current  which  is  driven 
by  the  transfer  of  momentum  from  the  photon  to  the 
electron  system.  An  ISR  excited  electron  with  wave 
vector  k2  leaves  an  empty  state  (hole)  in  the  ground 
subband  with  k\  =  k2  —  q,  where  q  =  2nvn/c  is  the 
photon  wave  vector  with  the  refractive  index  n 
in  GaAs,  Fig.  1.  The  thereby  excited  currents  are 
proportional  to  the  corresponding  relaxation  time. 
Since  the  transition  energy  depends  on  the  in-plane 
velocity  of  the  electron  in  the  direction  of  the 
light  propagation  (Doppler  effect!),  the  PD  signal 
should  be  decomposed  into  its  so-called  direct  and 
resonant  parts  [11-14].  The  direct  part  is  a  con¬ 
sequence  of  the  direct  momentum  transfer  from 
the  photon  to  the  electron  system  and  is  thus  pro¬ 
portional  to  the  absorption,  full  line  in  the  left  of 
Fig.  1,  and  the  photon  momentum  p  =  %q.  The  reso¬ 
nant  part  is  due  to  the  Doppler  effect  and  the  difference 
in  the  subband  momentum  relaxation  rates,  ti  —  T2. 

This  second  contribution  reveals  the  single-electron 
transition  energy  ojio,  since,  its  zero  crossing  corre¬ 
sponds  to  the  energy  at  which  the  transition  prob¬ 
ability  (dashed  line  in  the  left  of  Fig.  1)  for  any 
negative  k  (measured  with  respect  to  the  light  prop¬ 


Fig.  2.  Setup  of  the  signal  detection,  where  the  active  QW  layer 
is  integrated  into  a  microstrip  transmission  line.  The  attenuated 
total  reflection  incoupling  of  the  light  is  accomplished  using  a 
Ge-prism  placed  on  top  of  the  sensitive  area. 


agation  direction)  is  equal  to  the  corresponding  tran¬ 
sition  at  positive  k  (transitions  A  and  B  in  Fig.  1). 
The  current  is  obtained  by  summing  over  all  possible 
/r-states,  yielding  obviously  zero  in  this  case. 

The  full  theoretical  treatment  of  the  problem,  em¬ 
ploying  the  self-consistent  field  method,  is  given  by 
Zafuzny  [15].  He  shows  that  the  co-dependence  of  the 
direct  part  coincides  with  the  spectral  dependence  of 
the  IS  absorption  coefficient.  The  line  shape  of  the  res¬ 
onant  component  is  no  longer  exactly  antisymmetric, 
as  assumed  in  the  simple  case  [11,12,14]  when  om- 
mitting  the  depolarization  effect.  However,  the  sign 
change,  which  we  will  determine  in  the  experiment, 
still  occurs  at  the  undressed  resonance  frequency  coiq. 

The  samples  were  grown  by  molecular-beam  epi¬ 
taxy  and  consist  of  a  30  period  modulation  doped 
multi  QW  system  made  of  82  A  GaAs  wells  and 
260  A  Alo.35Gao.65 As  barriers,  with  0.87  10^^  cm"^ 
electrons  per  well.  The  top  and  bottom  layers  ad¬ 
jacent  to  the  multi-QW  structure  were  designed  to 
properly  compensate  for,  surface  charge  and  the 
background  doping  in  the  buffer  layer  and  substrates, 
respectively.  The  Fermi  energy  lies  between  the  first 
two  subbands,  and  therefore,  also  at  room  temper¬ 
ature  (RT),  a  single  IS-resonance  is  observed.  The 
signal  detection  scheme  relies  on  the  integration  of 
the  active  QW  layer  into  a  microstrip,  forming  a 
microwave  transmission  line  [16,17]  (Fig.  2).  In¬ 
tense  far-infrared  (FIR)  light  pulses  are  provided 
by  the  free  electron  laser  of  the  FOM  institute  for 
plasma  physics  (FELIX).  Pulse  transients  and  radi¬ 
ation  wavelength  used  are  in  the  range  of  1-5  ps 
and  8-15  pm,  respectively.  All  the  ISR  experiments 
were  performed  at  RT. 
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Fig.  3.  (a)  Inlcrsubband  spectra  at  RT  of  the  GaAs/AlGaAs 
MQW  syslcin  obtained  under  positive,  zero  and  negative  bias.  The 
photo  conduction  (PC)  measurement  (open  circles)  perfonned  at 
±0.3  V  bias  is  obtained  by  subtracting  the  signals  of  either  po¬ 
larity.  The  photon  drag  (PD)  spectra  (diamonds),  is  obtained  by 
adding  the  signals,  and  is  measured  at  zero  bias  (full  circles).  The 
inset  shows  the  schematic  of  the  biasing  electronic  network,  (b) 
The  decomposition  spectra  of  the  PD  fit  using  the  Zahizny  model 
to  the  data  shown  in  (a).  The  peak  position  of  the  PC  spectra 
(right  arrow)  is  blue  shifted  from  the  zero  crossing  of  the  resonant 
PD  part  (left  arrow). 


In  order  to  have  the  same  conditions,  for  an  ac¬ 
curate  comparison  between  the  PD  and  the  ISR 
absorption,  pulsed  photocuirent  and  photo  conduc¬ 
tion  (PC)  measurements  have  been  perfonned  un¬ 
der,  respectively,  zero,  positive  or  negative  bias. 
Fig.  3  (inset).  For  better  signal  to  noise  ratios,  we 
integrated  over  the  entire  macropulse  of  FELIX. ' 
The  mechanism  of  the  in-plane  PC  can  be  under¬ 
stood  as  a  simple  electron  heating  effect  and  thus 
is  directly  related  to  the  absorbed  power.  Tedious 
transmission  measurements  are  circumvented  with 
this  method.  The  PC  spectrum,  shown  in  Fig.  3(a) 
(open  circles),  has  a  Lorentzian  line  shape  with  the 


*  FELIX  producc.s  micropulscs  at  Ins  intervals  during  a 
macropul  sc  which  was  here  5.4  ps  long. 


peak  position  at  866  cm”"',  in  good  agreement  with 
the  resonance  position  obtained  by  attenuated  to¬ 
tal  reflection  (ATR)  measurements  with  a  Fourier 
transform  spectrometer.  The  constant  offset  visible 
far  from  the  resonance  stems  from  the  inequal¬ 
ity  of  the  conductivity  for  the  two  bias  polarities. 
The  PD  signal  has  been  obtained  from  the  same 
measurements  by  adding  the  signals  of  each  po¬ 
larity.  The  spectral  response  in  this  way  obtained, 
is  corrected  for  offset  and  plotted  in  Fig.  3(a)  (di¬ 
amonds)  together  with  the  direct  measurement  of 
the  photon  drag  (full  circles)  at  zero  bias.  The  di¬ 
rect  signal  is  stronger,  since  losses  in  the  biasing 
electronic  network  (bias-Tee)  were  omitted.  Unfor¬ 
tunately,  some  measurement  points  are  missing  in 
the  spectrum  due  to  a  temporary  blackout  of  the 
IR  source.  Aside  from  this  difference  in  strength, 
the  deviation  in  the  line  shape  and  position  is 
negligible. 

Shown  in  Fig.  3(b)  are  the  direct  and  resonant  parts 
of  the  PD,  extracted  from  the  fitted  experimental  PD 
spectra,  applying  the  theory  of  Zaluzny.  The  value  for 
the  relaxation  time  ratio  is  found  to  be  1.4.^  The  ob¬ 
tained  bare  intersubband  spacing  coio  is  found  to  be 
833  cm“\  which  corresponds  to  a  shift  of  the  peak 
resonance  from  the  PC  measurement  by  as  much  as 
33  cm~'  (cf.  the  two  arrows  of  Fig.  3(b)),  illustrating 
the  importance  of  screening  even  at  RT.  This  value  is 
comparable  to  the  blueshift  of  50  cm“‘  predicted  by 
Zafuzny  in  his  recent  paper  [15].  In  his  calculation, 
a  slightly  narrower  QW  system  has  been  used,  and 
the  temperature  has  been  set  to  7  =  0  K.  According 
to  a  previous  paper  of  Zaluzny  [18],  the  depolariza¬ 
tion  shift  for  comparable  QW  systems  is  reduced  by 
approximately  10%  at  7  =  300  K,  in  fair  agreement 
with  our  experiment. 

To  conclude,  the  role  of  collective  effects  in  the 
ISR  has  been  demonstrated  by  the  comparison  of  the 
absorption  with  the  photon  drag  effect.  Our  combined 
ISR  experiments  on  GaAs/AlGaAs  QW  systems 
show  for  the  first  time  that  the  undressed  resonance 
position  is  apparent  from  a  direct  experiment,  provid¬ 
ing  a  benchmark  for  testing  the  validity  of  many-body 


^  According  to  the  argumentation  given  in  Ref.  [19],  the  maxi¬ 
mum  value  for  the  momentum  time  ratio  can  be  estimated  from 
/<Haii(300  K)  ~  7800  cm“/V  s  and  fiom  the  absorption  line  width 
Tatr  -  19.3  meV,  yielding  an  upper  limit  of  approximately  4.5. 
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interaction  models.  This  technique  has  been  applied 
to  study  the  depolarization  shift  dependence  on  exci¬ 
tation  intensity  [20]. 
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Abstract 

Terahertz-frequency  intersubband  (ISB)  transitions  in  semiconductor  quantum  wells  are  of  interest  due  to  the  potential 
for  making  devices  that  operate  at  THz  frequencies,  and  the  influence  of  many-body  interactions  on  the  intersubband 
dynamics.  We  present  measurements  of  the  linear  absorption  linewidth  of  ISB  transitions  in  a  single  40  nm  delta-doped 
GaAs/AlojGao.yAs  square  quantum  well,  with  a  transition  energy  of  order  10  meV  (3  THz).  Separate  back-  and  front-gates 
allow  independent  control  of  charge  density  (O.l-I  x  lO'^’  cm”“)  and  DC  bias  (— 2.5-0.5  mV/nm).  A  picture  of  scattering 
of  the  intersubband  plasmon  into  single-particle  excitations  qualitatively  explains  the  DC  bias  dependence  of  the  line-width 
data.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords.'  Terahertz  intersubband  transitions;  Intersubband  linewidth;  Collective  effects 


In  an  n-type  modulation-doped  GaAs/AlGaAs 
quantum  well,  confinement  of  electrons  to  the  well 
breaks  the  continuum  of  conduction  band  states  into 
subbands.  Optically  excited  transitions  between  sub¬ 
bands  are  the  basis  of  several  promising  new  devices, 
such  as  detectors  [1]  and  quantum  cascade  lasers 
[2,3],  which  would  operate  at  THz  frequencies.  An 
important  parameter  for  the  operation  of  the  devices 
is  the  linewidth  of  the  intersubband  (ISB)  transition. 
The  quantum  well  is  also  interesting  in  its  own  right  as 
a  model  system  for  testing  many-body  theories.  The 
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ISB  excitation  of  the  quantum  well  is  known  to  be  a 
collective  mode  of  the  2D  electron  gas,  the  ISB  plas¬ 
mon  [4].  The  width  of  a  homogeneously  broadened 
absorption  line  is  proportional  to  the  dephasing  rate 
of  the  ISB  plasmon.  Our  goal  is  to  better  understand 
the  dephasing  of  the  ISB  plasmon  at  THz  frequencies. 

The  sample  used  was  a  40  nm  GaAs  square  well, 
grown  by  molecular  beam  epitaxy  on  a  semi-insulating 
substrate.  It  consists  of  100  nm  GaAs;  180  nm  super¬ 
lattice  (30  periods  of  3  nm  GaAs,  3  nm  Alo.3Gao.7As); 
100  nm  Alo.3Gao.7As;  Si  delta-doped  layer  of  charge 
concentration  5xl0'’cm”^;  lOnm  Alo.3Gao.7As 
barrier;  8.5  nm  GaAs  quantum-well  backgate;  a  bar¬ 
rier  and  doping  layer  identical  to  the  above;  490  nm 
Alo,3Gao.7As;  Si  delta-doped  layer  of  charge  concen- 
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Fig.  1.  Conduction  band-edge  profile. 


tration  3  x  10^’  cm"^;  100  nm  Alo.3Gao.7As  barrier; 
40  nm  GaAs  quantum  well;  a  barrier  layer  identical 
to  the  above;  Si  delta-doped  layer  of  charge  concen¬ 
tration  1  X  10’^  cm“^;  90  nm  Alo.3Gao.7As;  and  a  10 
nm  GaAs  capping  layer.  A  sketch  of  the  conduction 
band  is  shown  in  Fig.  1.  The  backgate  is  a  narrow, 
doped  quantum  well  which  is  not  optically  active  at 
the  frequencies  of  interest,  and  was  used  to  control 
the  charge  density  in  the  wide  quantum  well  via  the 
field  effect.  There  are  several  conduction  subbands 
in  the  well,  with  the  energy  separation  of  the  lowest 
two  subbands  tunable  over  a  range  of  10-20  meV. 
In  this  work,  only  the  lowest  subband  was  occupied, 
and  we  measured  only  transitions  between  the  lowest 
two  subbands. 

A  6  mm  x  6  mm  sample  was  cleaved  from  the 
wafer.  Separate  ohmic  contacts  were  made  to  the 
backgate  and  quantum  well.  A  200  nm  thick  A1 
Schottky  contact  was  evaporated  onto  the  surface  of 
the  sample,  on  a  6  mm  x  4  mm  rectangular  area,  to 
form  the  frontgate.  Another  200  nm  thick  layer  of  A1 
was  evaporated  onto  the  back  side  of  the  sample,  so 
that  the  A1  layers  on  both  sides  of  the  semiconductor 
sample  form  a  parallel -pi  ate  waveguide  (see  Fig.  2). 

By  controlling  the  voltages  applied  to  the  frontgate, 
QW,  and  backgate,  the  charge  density  in  the  well 
and  the  DC  electric  field  at  the  well  can  be  indepen¬ 
dently  varied.  Thus,  we  can  independently  vary  the 
charge  density  and  DC  electric  field  and  examine  the 
behavior  of  the  ISB  absorption  linewidth. 

The  charge  density  in  the  well  was  measured  us¬ 
ing  capacitance-voltage  profiling.  The  frontgate  and 
quantum  well  are  two  sheets  of  charge  which  form  a 
parallel-plate  capacitor.  Using  an  AC  technique,  we 


Quantum  Well  Ohmic  Contact 


Backgate  Ohmic 
Contact 


Frontgate  {Schottky  Contact) 


THz 


XXI 


A!  evaporated  onto  back  side 


Fig.  2.  Cross-section  view  of  processed  sample  with  all  contacts 
indicated,  and  edge  coupling  geometry  shown. 


measure  this  capacitance  versus  frontgate  voltage,  Ffg. 
The  capacitance  signal  is  equal  to  d^/dFfg,  where  Q 
is  the  charge  in  the  quantum  well.  This  is  integrated 
to  find  the  charge  density. 

The  DC  electric  field  is  not  measured,  but  is  cal¬ 
culated  from  the  applied  gate  voltages  and  sample  di¬ 
mensions  using  the  following  formula; 


2Jfg  24g’ 

where  Ffg(bg)  is  the  frontgate  (backgate)  voltage  with 
respect  to  the  quantum  well  voltage,  and  ^/fg(bg)  is  the 
distance  of  the  frontgate  (backgate)  from  the  quantum 
well.  In  addition  to  the  applied  field  there  is  a  fixed, 
built-in  electric  field  whose  magnitude  is  found  from 
the  absorption  data  to  be  about  0.3  mV/nm. 

The  spectra  were  measured  with  a  Fourier  transform 
IR  spectrometer,  using  the  edge-coupling  geometry, 
as  shown  in  Fig.  2.  A  polarizer  was  inserted  after 
the  sample  to  select  the  component  of  the  transmitted 
light  with  polarization  in  the  growth  direction.  The 
transmitted  light  was  then  detected  by  a  bolometer. 
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Applied  DC  Electric  Field  (mV/nm) 

Fig.  3.  Position  of  the  absorption  peak  (a)  and  half-width  at 
half-max  (b)  versus  applied  DC  electric  field,  at  charge  densities 
of  1,  5,  and  10  x  10'^^  cm~“. 


Each  raw  spectrum,  with  electrons  in  the  well,  was 
normalized  to  the  spectrum  measured  with  the  well 
depleted  by  the  gates.  The  attenuation  eoefheient  is 
given  by 

1  /(empty) 

; - -In  , 

sample  length  /(full) 

where  co  is  the  frequency,  /(empty)  is  the  transmitted 
intensity  versus  frequency  with  the  well  depleted  of 
electrons,  and  /(full )  is  the  transmitted  intensity  versus 
frequency  with  the  well  full  of  electrons.  From  a  fit 
of  the  absorption  spectrum  to  a  Lorentzian  line  shape 
function,  we  obtain  the  peak  position,  linewidth,  and 
area  of  the  absorption  curve. 

The  absorption  data  were  measured  at  a  temperature 
of  2.3  K.  The  peak  positions  are  plotted  against  ap¬ 
plied  DC  field,  for  several  charge  densities,  in  Fig.  3a. 
The  peak  position  is  tunable  by  over  a  factor  of  two, 
from  75  to  over  160  cm“'.  Since  this  is  a  symmetric 
quantum  well,  the  peak  position  should  be  symmetric 
about  its  minimum  value  at  zero  DC  field.  The  peak 
position  shows  the  expected  quadratic  dependence  on 
DC  field.  However,  the  minimum  occurs  at  an  applied 
field  of  —0.3  mV/nm,  which  implies  that  the  sample 
has  an  additional  fixed,  built-in  field  of  -f-0.3  mV/nm. 


The  linewidths  (half- width  at  half-max)  are  plotted 
against  applied  DC  field,  for  the  same  set  of  charge 
densities,  in  Fig.  3b.  The  data  shows  several  interest¬ 
ing  features.  First,  the  linewidth  has  a  strong  field  de¬ 
pendence,  dropping  dramatically  to  a  minimum  at  zero 
bias  (minimum  which  coincides  with  the  minimum  in 
peak  position).  Second,  the  field  dependence  is  greater 
at  low  charge  densities  than  at  high  charge  densities. 
Third,  the  linewidth  data  are  asymmetric  about  zero 
field,  saturating  at  5-6  cm“'  for  negative  tilts  (more 
negative  frontgate)  but  appearing  to  rise  higher  than 
that  for  positive  tilts  (more  positive  frontgate). 

The  existence  of  a  sharp  minimum  in  the  field 
dependence  of  the  linewidth  cannot  be  explained  by 
assuming  that  the  line  is  inhomogeneously  broad¬ 
ened.  With  the  ionized  donors  100  nm  away  from 
the  well,  the  most  likely  source  of  inhomogeneous 
broadening  is  an  inhomogeneous  well-width  (elec¬ 
trons  in  different  parts  of  the  sample  see  a  different 
width,  and  thus  absorb  at  different  frequencies). 
However,  this  inhomogeneity  would  be  weakest 
away  from  flat-band,  when  electrons  everywhere 
in  the  plane  are  pushed  against  one  side  of  the 
well  and  see  a  potential  which  is  roughly  triangu¬ 
lar,  independent  of  the  position  of  the  other  side 
of  the  well.  This  would  lead  to  a  minimum  in  the 
linewidth  away  from  flat-band,  which  is  the  op¬ 
posite  of  what  we  observe.  Thus,  we  believe  that 
the  line  is  homogeneously  broadened,  and  there¬ 
fore  the  linewidth  is  determined  by  relaxation 
dynamics. 

The  linewidth  minimum  at  flat-band  can  be  quali¬ 
tatively  explained  by  a  model  of  plasmon  scattering 
[5].  The  intersubband  excitation  created  by  photon  ab¬ 
sorption  is  properly  described  as  a  collective  mode  of 
the  2DEG,  the  intersubband  plasmon,  with  wave  vec¬ 
tor  A:  =  0  (Fig.  4).  The  plasmon  energy  is  blue-shifted 
from  the  A  =  0  single-particle  excitations,  an  effect 
known  as  the  depolarization  shift.  The  plasmon  can  be 
dephased  by  scattering  elastically  into  the  continuum 
of  single-particle  excitations,  if  sufficient  momentum 
transfer  is  supplied.  The  scattering  rate  should  corre¬ 
late  to  the  minimum  wave  vector  required  for 
scattering  into  the  SPE  continuum;  greater  leads 
to  less  scattering.  For  our  well,  at  constant  charge  den¬ 
sity,  ^min  is  maximized  at  flat-band,  as  follows:  The 
depolarization  shift  has  a  maximum  at  flat-band,  due 
to  the  maximum  in  oscillator  strength  which  occurs 
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Fig.  4.  Scattering  of  the  intersubband  plasmon.  Plasmon  energy 
is  indicated  by  dotted  line,  while  single-particle  excitations  lie 
between  the  parabolic  curves  (a).  Calculated  depolarization  shift 
(b)  and  measured  linewidth  (c)  versus  DC  electric  field. 

when  the  ground  and  excited  subband  wave  functions 
overlap  most  strongly  at  flat-band.  This  maximum  in 
depolarization  shift  means  that  ^min  has  a  maximum 
at  flat-band,  which  explains  the  observed  minimum  in 
linewidth. 


Note  that  increasing  the  charge  density  increases 
the  depolarization  shift,  but  does  not  necessarily  in¬ 
crease  since  the  SPE  spectrum  becomes  broader. 
Thus,  the  density  dependence  in  this  picture  is  not 
obvious. 

In  conclusion,  we  find  that  the  absorption  linewidth 
depends  strongly  on  the  DC  electric  field,  dropping 
sharply  to  as  low  as  1  cm at  zero  DC  bias.  The  field 
dependence  of  the  linewidth  suggests  that  the  line  is 
homogeneously  broadened,  and  can  be  qualitatively 
explained  by  a  model  of  scattering  of  the  collective 
ISB  plasmon  into  single-particle  excitations.  Future 
work  aims  to  produce  a  quantitative  calculation  of  the 
linewidth. 
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Abstract 

We  present  a  theoretical  formalism,  based  on  the  transfer  matrix  method  and  the  so-called  sheet  model,  which  describes 
light  propagation  in  multiplc-quantum-well  (MQW)  structures  in  the  range  of  nonlinear  intersubband  absorption.  Intensity 
of  the  transmited  light  as  a  function  of  the  input  intensity  is  calculated  for  typical  GaAs/GaAlAs  MQW.  A  comparison  with 
commonly  used  in  literature  slowly  varying  envelope  approximation  is  also  given.  ©  2000  Elsevier  Science  B.V.  All  rights 
reserved. 

PACS:  78.66.-w;  42.50.Hz 
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It  has  been  proved,  both  theoretically  and  exper¬ 
imentally,  that  for  high  intensities  of  the  infrared 
radiation  the  nonlinear  saturation  of  the  intersubband 
optical  absorption  becomes  important  [1-6].  The 
usual  theoretical  approach  to  the  problem  of  nonlinear 
optical  response  of  multiple-quantum- well  (MQW) 
structures  is  based  on  the  slowly  valuing  envelope 
approximation  (SVEA)  (see  e.g.  Ref  [2]).  Here,  we 
present  a  more  general  numerical  approach  to  the 
above-mentioned  problem.  Our  approach  is  based  on 
the  transfer  matrix  method  and  the  so-called  sheet 
model  [7,8].  In  this  model  a  quasi-two-dimensional 
electron  gas  is  approximated  by  a  2D  conducting 
sheet  having  intensity-dependent  conductivity  [5,6]. 


*  Corresponding  author.  Fax:  +48-81-5376191. 
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We  will  concentrate  on  a  simple  transmission  ge¬ 
ometry  similar  to  that  studied  theoretically  (employ¬ 
ing  SVEA)  by  Almogy  and  Yariv  [2], 

The  system  under  consideration  is  formed  by  a 
nonlinear  MQW  structure  (occupying  the  region 
0  <  <7mqw  )  sandwiched  between  two  semi-infinite 

dielectrics.  To  simplify  calculations  we  assume  that 
the  conductivity  of  the  2D  sheet  is  determined  only 
by  intersubband  transitions.  We  assume  also  that  the 
sheets  are  located  in  the  middle  of  the  wells.  Conse¬ 
quently,  the  whole  system  can  be  modeled  by  a  stack 
of  l,2,3,...,m  plane-parallel  linear  homogeneous 
layers  with  the  nonlinear  sheets  located  at  the  inter¬ 
faces  z/,/=zr,  =1,2,3,...,V  where  N  is  the 

number  of  quantum  wells  in  the  structure.  The  stack 
is  bounded  by  ambient  (0)  and  substrate  (m-hl) 
media. 
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When  incident  light  is  polarized  in  the  x-z  plane 
there  is  only  the  single  component  of  the  magnetic 
field  H{i\  t)  =  ev//(x,z)e~’'''^  Since  we  are  interested 
in  the  optical  response  at  frequency  oj  the  following 
relation  between  amplitudes  of  the  magnetic  field  in 
the  q  and  p{>  q)  media  (layers)  may  be  written  [9,8]: 


H 


/+ 

0!) 
/-  J 


p-\ 


H, 


(/^)1 

1^4- 


ip) 


j 


(1) 


In  Eq.  (1)  Hiy  and  (a  =  /,«)  are  the  complex 
amplitudes  of  the  magnetic  field  corresponding  to  the 
waves  traveling  in  positive  and  negative  z-directions, 
respectively.  The  subscript  /(w)  indicates  that  we 
take  the  complex  amplitude  with  respect  to  the  plane 
■2y,/+i  (2'/— 1,/). 

The  matrix  Lj  describes  the  effect  of  propagation 
through  a  homogeneous  layer  j.  It  is  given  by 


exp(-i/:^^Vy)  0 

0  cxpiik^^dj) 


(2) 


where  fc- =  ((olc)ysj  -  sin^((p),  <p  is  the  angle  of 

incidence  in  the  ambient  medium,  £/  (dj)  denotes  the 
dielectric  function  (thickness)  of  the  yth  layer.  [We 
assume  that  eo  ==  where  8w(eb)  is  the  dielec¬ 

tric  function  of  the  well  (barrier)  material.] 

lij  is  a  2  X  2  matrix  accounting  for  the  interface  be¬ 
tween  the  media  i  and  j(=i  -f  1).  It  can  be  calculated 
using  appropriate  boundary  conditions. 

When  Zjj  7^  z  1  then  [9,8] 


1  r, 


(3) 


where  nj  =  -  kyhi)l{k\'\j  -h  k['hi)  and  Uj  = 

2kPsjl{k[^\j  +  ky\.i). 

When  z,;/  -  z,  r  then  //.y  =  takes  a  more  com¬ 
plicated  form  [8] 
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and 


27i(7^!^(m,|4^"^P) 


X  tan(()9)sin((p), 

where  dl?{co,\S’z^  is  the  intensity-dependent 
2D  conductivity  [5,6],  S'i' '  ^  ^  ^  and 

£(  (  “)  denotes  the  z  component  of  the 

electric  field  before  (beyond)  the  yl^^th  sheet.  (Since 
we  consider  only  the  intersubband  transitions  and 
£ .  =  sj  =  £w  the  normal  component  of  the  electric  field 
£-  is  continuous  during  the  crossing  of  the  sheet  [8].) 

In  this  work  we  employ  a  simple  one-electron 
two-subband  saturation  model  for  the  2D  intersub¬ 
band  conductivity  [5,6] 

~2D/  |^(.  r)|2x_  _ _ 

(7) 


where 


ImF  <5(oj)  -!-  i 


(8) 


Here  d{cD)  =  {%<Xi  -  E2\)ir  is  the  normalized  de¬ 
tuning  of  the  incident  light  from  the  intersubband 
energy  £21  >  =  (7"^)^^^/k^i2|  is  a  saturation  elec¬ 

tric  field,  /12  =  2m%~^E2\z\2  is  the  oscillator  strength 
connected  with  1  ^  2  transitions  (/ 12  ~  1), 
is  the  dephasing  time  connected  with  1^2  transi¬ 
tions,  f  =  ^/f  is  the  phenomenological  lifetime,  e 
and  m  are  the  charge  and  the  effective  mass  of  the 
electron,  respectively,  and  finally,  is  the  surface 
electron  concentration.  (We  assume  that  only  ground 
subband  is  occupied.) 

Since  2D  conductivity  is  the  function  of  a 
recursion  method  was  used  to  determine  the  relation 
between  the  output  light  intensity  /°“^(=[c/87ry^]| 
and  the  input  light  intensity  P\=[c/ 
8TCy^]|//}^^P).  We  move  from  the  output  side  of  the 
MQW  (medium  m  -h  1 )  to  the  input  side  (medium 
0).  For  given  7°"'  one  calculates,  employ¬ 

ing  Eqs.  (l)-(3)  appropriate  magnetic  field  ampli¬ 
tudes  and  (Since  the  substrate  is  lossless 
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the  phase  of  can  be  set  to  zero  without  loss 

of  generality.)  Knowing  one  calculates  the 

intensity-dependent  conductivity  (7)  corresponding 
to  sheet  and  then  using  Eqs.  (l)-(8)  one  can 
calculate  appropriate  magnetic  field  amplitudes  and 
f  "i)|2  procedure  is  continued  until  the  am¬ 
plitudes  and  are  obtained. 

Now,  we  recall  the  relation  between  and  /'” 
resulting  from  SVEA  [10] 

jQul  _  j'm  jou\ 

-  ASOW(CO,  <p)N  =  TnT’ 

(9) 

where  =  (cy^/8Tr)[ff‘f7sin(r/5)]‘  and 

^sow(to,  (/))  =  [47rRe  (7?I\co)/cy^]  tan(cp)  sin(cp)  is 
the  (linear)  single  QW  absorptance. 

[Eq.  (9)  is  equivalent  to  that  used  by  the  authors  of 
Ref  [2].] 

It  is  worth  noting  that  SVEA  is  based  on  the  as¬ 
sumption  that  the  propagation  characteristics  are  deter¬ 
mined  only  by  the  absorption  of  light.  In  other  words, 
in  contrast  with  the  sheet  model  (or  effective  medium 
approach),  effects  connected  with  the  generation  of  a 
back-propagation  beam  (multiple-reflections)  are  not 
considered  in  SVEA  [2]. 

The  detailed  numerical  calculations  indicate  that, 
like  in  the  case  of  the  linear  absorption,  SVEA  breaks 
down  only  when  a  structure  contains  large  number  of 
quantum  wells  and  cp  is  close  to  (or  larger  than)  the 
critical  angle  rp^..  This  angle  corresponds  to  the  total 
internal  reflection  at  the  interface  between  the  ambient 
medium  and  MQW  (with  Vs  =  0)  treated  as  uniform 
uniaxial  effective  medium  (for  details  see  Ref  [8]). 
(We  assume  here  that  ao  =  ^w>^^iv)  Fig.  1  illus¬ 
trates  the  above-mentioned  breakdown  of  SVEA.  The 
numerical  results  have  been  obtained  taking  typical 
parameters  of  GaAs/GaAlAs  multiple-quantum-well 
structure!  Z-iviqw  =  ^mqw/^  =  400  A,  igw  =  85  A 
(=  the  thickness  of  the  quantum  well).  Ns  =  10'^ 
cm-“,  /i2  =  0.9,  2r=:ll  meV,  £'21  =  110  meV, 

=  10.9  and  =  9.8.  (The  above  parameters  cor¬ 
respond  to  N^^^(cp)  =  2,8  f  /r  sin^(rp)  MW  cm“^  and 
(p^  =  74°. )  We  show  the  dependence  of  the  output 
intensity  on  the  input  intensity  predicted  by  the  sheet 
model  and  SVEA  at  (p  =  75°  for  (5(co)  =  0  and  ±1 
when  N  =  200.  The  violation  of  SVEA  presented  in 
Fig.  1  results  mainly  from  the  fact  that  in  the  above 


Fig.  1.  The  dependence  of  the  output  intensity  on  the  input  intensity 
[in  the  unit  of  saturation  intensity  =  P^\(p  =  75°)]  predicted 
by  the  sheet  model  (thick  solid  curves)  and  SVEA  (dotted  curves) 
for  the  MQW  structure  described  in  the  text  at  =  75°  for  different 
values  of  the  detuning.  The  geometiy  is  shown  in  the  inset.  For 
comparison  we  also  present  the  dependence  of  on  /'"  calculated 
using  the  sheet  model  and  taking  £b  =  £w  (thin  solid  cuiwes).  (a) 
tuo  =  £21  •  (b)  tio)  =  £'21  +  £.  (c)  tico  =  Ej]  —  r. 
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approximation  multiple  reflections  are  not  taken  into 
account.  Let  us  assume  for  the  moment  that  A^s  =  0- 
When  (p  >  (pc  and  the  structure  is  sufficiently  thick, 
then  one  can  show  (employing  the  effective  medium 
approach)  that  only  very  small  fraction  of  the  inci¬ 
dent  light  is  transmitted  (see  Fig.  2  in  Ref.  [8]).  The 
situation  changes  drastically  when  we  neglect,  like  in 
SVEA,  the  difference  between  and  £b-  Then,  all 
light  is  transmitted  through  MQW  structure.  It  is  the 
main  reason  why,  even  in  the  presence  of  the  nonlin¬ 
ear  intersubband  absorption,  the  difference  between 
the  sheet  model  and  SVEA  reduces  dramatically  in 
the  limit  eb  ^w- 

Although  the  numerical  calculations  reported  in  this 
paper  are  made  for  a  single  pass  transmission  geome¬ 
try,  it  does  not  mean  that  the  application  of  the  sheet 
model  is  limited  only  to  this  geometry.  Extension  of 
our  approach  to  other  geometries  is  planned  to  be  pre¬ 
sented  in  a  later  paper. 
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Abstract 

We  study  theoretically  the  influence  of  the  Coulomb  interaction  on  the  second-harmonic  generation  (SHG)  connected 
with  intersubband  transitions  in  asymmetric  quantum  wells.  Our  approach  is  based  on  the  time-dependent  local  density 
approximation.  Numerical  calculations  arc  performed  for  asymmetric  coupled  double  quantum  well  structure  with  small 
energy  separation  between  ground  and  excited  subbands.  It  was  shown  that  the  Coulomb  interaction  not  only  shifts  the  peak 
positions  in  SHG  spectrum  but  also  considerably  modifies  their  height.  The  con'ect  description  of  the  above  modification 
must  take  into  account  the  nonlinear  dependence  of  the  exchange-correlation  potential  on  the  electron  density.  ©  2000 
Elsevier  Science  B.V.  All  rights  reserved. 

Keym'ovds:  Asymmetric  quantum  wells;  Coulomb  interaction;  Second  harmonic  generation;  Many-body  effects 


1.  Introduction 

Recently,  Heyman  ct  al.  [1]  have  shown  experimen¬ 
tally  that  in  coupled  asymmetric  double  quantum  wells 
(ADQWs)  not  only  the  intersubband  absorption  spec¬ 
trum  but  also  the  second-harmonic  generation  (SHG) 
spectrum  can  be  vciy  strongly  afifcctcd  by  the  Coulomb 
interaction. 

In  this  paper  we  present,  employing  the  TDLDA,  a 
derivation  of  the  second-order  susceptibility 
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Physics,  University  of  Thessaloniki,  54006,  Thessaloniki,  Greece. 
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connected  with  SHG  in  two  subband  asymmetric 
QWs.  We  will  show  that  the  expression  for 
reported  in  Ref.  [1]  is  not  fully  correct. 

Our  approach  is  based  on  the  density  matrix  for¬ 
mulation  developed  in  our  previous  papers  [2,3].  By 
calculating  the  contribution  of  the  indirect  Coulomb 
interaction  to  the  self-consistent  effective  perturbing 
potential  we  take  into  account  the  ‘additional  driving 
term’  which  resulted  from  the  nonlinear  dependence 
of  the  exchange-correlation  potential  upon  the  elec¬ 
tron  density. 

The  electron  envelope  wave  function  can  be 
written  as  |/,Ar||)  =  exp(iA:||P||)(:/>/(z)  where  k\\  (r|j) 
is  the  wave  vector  (position)  in  the  x-y  plane.  q)i{z) 
is  the  solution  of  the  one-dimensional  Schrodinger 
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equation 

fi  +  VQw(z}+V„(z)+Vxc(z) 


(Pi(z)  =  Ei(piiz\ 


(1) 


where  m  is  the  effective  mass  of  an  electron,  Ei  is  the 
minimum  energy  of  the  ith  subband,  Pqw(z)  deter¬ 
mines  the  shape  of  the  confining  quantum  well  poten¬ 
tial,  Vh{z)  is  the  electrostatic  Hartree  potential,  and 
Vxci^)  denotes  the  exchange-correlation  potential  en¬ 
ergy.  We  adopt  a  standard  parametrized  form  (orig¬ 
inally  due  to  Gunnarson  and  Lundqvist  [4])  for  this 
potential. 

The  equation  of  motion  for  the  matrix  elements  of 
density  matrix  p  [in  the  representation  of  |/,A:j|)  (i  — 
1,2)]  is  given  by 


spij 


[//(0)  +  AK,p], 


Ap/ 


(2) 


where  ^  is  the  relaxation  rate  from  the  ith  sub¬ 
band,  is  the  off-diagonal  elastic  dephasing 

rate  connected  with  /  j  transitions,  Ap  —  p  —  p^^\ 
p^^^  and  are  the  unperturbed  density  matrix  and 
Hamiltonian,  respectively. 

The  self-consistent  effective  perturbing  potential 
AV  =  A V(z,t)  can  be  written  in  the  form 


AV(zj)  =  AVext(^.0  +  AKh(2,0  +  AVxc(z,0, 

(3) 


where  AFextC^.O  is  the  external  perturbation,  AV^ 
takes  into  account  the  direct  Coulomb  interaction 
[which  (in  the  linear  approximation)  results  in  the 
depolarization  effect  (DE)]  whereas  AVxc  describes 
the  contribution  of  the  exchange-correlation  interac¬ 
tion  [which  (in  the  linear  approximation)  results  in 
the  exciton-like  effect  (EE)]  [5]. 

The  change  of  the  electron  distribution  [An{zJ)] 
induced  hy  AV{zj)  can  be  expressed  through  the  den¬ 
sity  matrix  as 

An{z,  t)  =  Tx[Ap5{z  -  z')l  (4) 

As  in  most  of  the  previous  papers  we  assume  that 
AKext(^,0  is  small.  In  this  limit  a  self-consistent  so¬ 
lution  of  the  problem  can  be  obtained  perturbatively 
by  expanding  Ap,  AV  and  An  (generally  denoted  as 
AX)  in  powers  of  AFext(^5  0  ^s 

AX(z,0=  E  (5) 

/?=l,2 


Using  the  usual  iterative  method  and  Eqs.  (2) -(5)  we 
get 


=Uh,p^’%+).  E 


6^  ifi 


L- 


A->0 


(6) 


Let  us  assume  that  AVext{zJ)~  ezEQ,xp{-\cot) -V 
c.c.  When  we  neglect  (for  simplicity)  the  rectification 
effect  then  X^”^(z,  0  =  X^"^(z,  ucd)  exp(— mm?)- 
The  surface  electronic  polarization  [Ps(0]  can  be 
also  a  series  of  similar  expansion.  The  second-order 
term  [Ps^\0]  is  connected  with  p^^^  by  the  relation 

Pf\t)=—Tr[p^\z,t)z] 

So 

=  ZQy}l\2co)E^  exp(-i2a;0  -h  c.c.,  (7) 


where 

yy{i(o) = E  pfi'^03)zji,  (8) 

eoE  U 

is  the  SHG  surface  susceptibility,  Zjj  =  f  (pi(z)z(pj  x 
(z)dz  and  =  2E*||  p!y"- 

The  direct  Coulomb  contribution  and  the  exchange- 
correlation  contribution  to  the  «th-order  effective 
potential  V^”\z,nco)  can  be  written  in  terms  of 
n^'’\z,nco)  as 

V^^\z,na))  ■=  -—  f  dz  f  dz"  n^”\z",nco\ 
SoSj_Qo  J —oo 

(9) 


V^^){z,nco)=V^ci^)/"\z,nco) 

+lF"c(z)[«‘'^(z,«®)f<5„2,  (10) 

where  V^ciz),  fxc(^)  the  first  and  second  func¬ 
tional  derivatives  of  Fxc(^)  with  respect  to  the 
equilibrium  density  distribution  of  the  electrons  and 
s  is  the  averaged  dielectric  constant.  At  this  point 
it  is  interesting  to  note  that  the  second  term  in 
Eq.  (10)  accounts  for  the  ‘additional  driving  term’ 
(ADT)  which  represents  the  nonlinear  dependence 
of  the  exchange-correlation  potential  upon  the  sheet 
electron  density,  i.e.  the  case  when  V^q{z)  0.  It 
does  not  appear  in  the  linear  response.  Note  that  in 
this  paper  we  work  in  the  standard  static  approxi¬ 
mation,  i.e.  we  neglect  a  frequency  dependence  of 
the  exchange-correlation  potential  (for  details  see 
Ref.  [6]). 
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Applying  Eqs.  (6),  (8)-(10),  the  final  expression 
for  Xrr  ^(2co)  is  found  to  take  rather  a  complicated  form: 


negligibly  small.  Unfortunately,  Heyman’s  expression 
gives  incorrect  sign  for  lm[xzV(2co)].  It  is  connected 


X?,\2a))  = 


e^27VsZp(Z22  -  -^1 1  )  ^21  ” 


+ 


£0 

[£2: 

ho)  -h  i£ 

Z\2 

2fuo  -t-  i£_ 

(Z22  -  ^ 

2)2 

a2i^2iA^s 


£21  +  (2fico  +  ir)(fio}  +  if)  j?2i  —  +  iry 

eI.  -  {2hw  +  irf  ^2\  - 


Eyx  ~\~  {21l(X)  +  iE)(^cu  4“  i-E)  fico  -f-  iF 


Eh 


{%(D  +  irf 


+ 


'2ft(X)  “h  ir 


(Z22  -2ll) 


-2 

2I 


(itioi  +  iry][Ei 


(hco  +  iry] 


(11) 


Here  £’21  =£2-^1.  is  the  surface  electron  con¬ 
centration  (we  assume  that  only  ground  subband 
is  occupied),  r  =  h/T\2,  r  =  h/T\  \  —fl/T22^  E2]  — 
£2i[1 +2(x(l,2;  l,2)As/£2i]*'^  is  the  intersubband 
energy  shifted  by  DE  and  EE  [5],  d2\  =  a(l,2;2,2)  “ 
a(l,2;  1,  1 ),  d(i,j;  k,  I )  =  (e^ /eoF.)Lii,j;  k,  /)  + 
Y(i,  j;  k,  /),  with 


L{i,j;kJ)=  f  dzf  f  dz' <pi(z')(pj{z') 

J —00  VL*/  —  oc 


f  dzV,(z' 

J  —00 


(12) 


Y(iJ;kJ)=  /  dz(p,iz)(pjiz)(pk(z)(pi(z)V^c(^) 

J  —  00 

(13) 

and 

Z,2  =  ^  j  dz[(pi{z)(p2(z)fVxc{z)-  (14) 

For  comparison,  the  authors  of  Ref  [1]  gave  (with¬ 
out  presenting  details  of  the  calculations)  the  follow¬ 
ing  expression  for  the  susceptibility: 

^  -e-’A?s3z||(z22 -zii) 

X\:’{2(o)  = - 

^0 

[(£21  +ir)^-(fem)-](£2i  H-ir)' 

""  [(£2,  +  iry  -  {2fuoy][(E2i  +  i£)'  -  (ncoyf' 

(15) 

We  should  note  that  in  the  one-electron  approximation 
[ A  F(z,  / )  =  A  Viixr(z^  t )]  only  Eq.  ( 1 1 )  reduces  to  that 
derived  by  Tsang  et  al.  [7].  Nevertheless,  numerical 
calculations  show  that  (in  the  one-electron  limit)  the 
difference  between  the  spectral  shapes  of  \xzh{2co)y 
resulting  from  Heyman’s  and  Tsang’s  expressions  is 


with  the  fact  that  Eq.  (15)  contradicts  the  well-known 
rule  saying  that  the  poles  of  the  susceptibility  should 
lie  in  the  lower  half  of  the  complex-frequency  plane 
[8].  This  indicates  that  the  authors  of  Ref  [1]  in¬ 
troduced  the  damping  factor  in  an  incorrect  way.  It 
must  also  be  noted  that  Eq.  (15)  does  not  include  the 
ADT. 

We  have  performed  numerical  calculations  for  the 
modulation-doped  ADQW  (similar  to  that  studied  in 
Ref  [1],  with  85  and  75  A  GaAs  wells  separated  by 
25  A  Alo.3Aso.7Ga  barrier  taking  £  =  0.42  meV  and 
£  =  0.1  meV.  Fig.  1  presents  the  spectral  shape  of 
|X”\2(7j>)P  at  As  =  2.5  x  10*^  cm“^.  The  peak  po¬ 
sitions  of  |xr?k2c(;)p  are  denoted  by  the  resonance 
photon  energies  and  The  calculations 

indicate  (see  the  inset  of  Fig.  1)  that  these  energies 
are  very  close  to  £21/2  and  £21,  respectively,  but  do 
not  coincide  with  £21/2  and  £21 ,  as  in  the  one-electron 
limit.  Thus,  similar  to  the  case  of  linear  response,  the 
SHG  peaks  are  shifted  by  the  DE  and  EE.  Note  that, 
in  the  structure  considered,  the  Coulomb  correction  to 
the  intersubband  resonant  energy  A£2i(=£2i  -£21) 
is  comparable  with  £21 . 

Inspection  of  Fig.  1  (see  also  Ref  [9])  also  shows 
that  in  contrast  with  the  linear  intersubband  absorp¬ 
tion,  the  height  of  the  peaks  in  the  SHG  spectrum  is 
also  very  strongly  modified  by  the  Coulomb  interac¬ 
tion.  In  the  structure  considered  here  this  interaction 
reduces  (enhances)  the  peak  at  ftco^'c^  (^<^rcs) 
in  orders  of  magnitude.  It  should  be  pointed  out  that 
such  huge  changes  can  be  observed  only  in  structures 
where  A£2i  is  comparable  with  or  more  than  £21. 

Fig.  1  shows  that  a  correct  description  of  the  influ¬ 
ence  of  the  exchange-correlation  part  of  the  Coulomb 
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tio3  (meV) 

Fig.  1.  Spectral  dependence  of  \y^^\2co)^  for  the  ADQW  structure 
discribed  in  the  text:  ‘exact’  result  (curve  1),  ‘exact’  result  but 
vi'ithout  ADT  (curve  2),  the  one-electron  approximation  result 
(curve  3).  Curve  4  is  calculated  employing  Eq.  (15).  The  inset 
shows  the  sheet  electron  density  dependence  of  the  resonance 
photon  energies  and  ficoH^  as  well  as  £21  (circles),  and 

£21/2  (triangulars).  For  comparison  the  dependence  of  £'21  and 
El]  12  is  also  given. 

interaction  on  the  SHG  spectrum  must  take  into 
account  the  ADT  in  the  self-consistent  perturbing 
potential  [the  second  term  in  Eq.  (10)].  As  was 
mentioned  this  term  appears  due  to  the  nonlinear  de¬ 
pendence  of  the  exchange-correlation  potential  upon 
the  electron  density.  The  ADT  does  not  impact  the 
peak  positions  at  all.  However,  its  influence  on  the  sus¬ 
ceptibility  peak  values  is  comparable  with  that  induced 
by  the  linear  term  in  Eq.  (10).  This  is  a  novel  fea¬ 
ture  of  the  exchange-correlation  interaction:  an  effect 
of  nonlinearity  of  the  exchange-correlation  potential, 


which  is  different  from  the  DE  and  EE  in  its  influence 
on  the  SH  susceptibility. 

It  is  interesting  to  note  that  the  above-mentioned 
peak  height  modification  cannot  be  described  even 
qualitatively  by  the  simple  replacement  £"21  £21  in 

the  one-electron  expression  for 

We  would  also  like  to  note  that  the  numerical  values 
for  \xiV{2co)\'^  predicted  by  Eq.  (15)  are  not  far  from 
those  given  by  Eq.  (11)  provided  that  £  <^  £21,  fio) 
is  close  to  the  resonance  energies,  and  the  ADT  is 
omitted. 

In  conclusion,  the  results  obtained  show  that 
many-body  effect  can  modify  dramatically  the 
second-harmonic  spectrum  of  ADQWs  when  inter¬ 
subband  resonance  frequency  of  the  structure  belongs 
to  the  terahertz  region.  Electron-electron  interaction 
not  only  shifts  the  peak  positions  in  SHG  spectrum  but 
also  considerably  modifies  their  height.  The  direct  and 
exchange-correlation  contributions  to  the  Coulomb 
interaction  are  always  competing  in  their  effect  on 
the  SHG  spectrum.  The  indirect  interaction  is  found 
to  demonstrate  a  novel  feature  which  results  from  the 
nonlinearity  of  the  exchange-correlation  potential. 
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Abstract 

We  investigate  theoretically  the  intersubband  (IS)  absorption  spectra  of  a  quantum  well  with  a  sub-monolayer  of  ban*ier 
material  inserted  at  the  well  center  Zc.  This  “perturbation  layer”  creates  a  random  lateral  potential  modulation  with  different 
fluctuation  amplitudes  A,„  for  the  ground  {m  =  0)  and  first  excited  (w  =  1 )  subband.  In  the  unbiased  system,  the  0-electrons 
become  in-planc  localized  by  the  perturbation  (Ao  >  0),  while  the  excited  subband  remains  unaffected  {A\  =  0),  due  to  the 
node  of  its  wave  function  at  Zc.  In  this  case  of  selective  disorder  our  calculated  IS  spectra  show  at  low  carrier  density  a 

broad  peak,  reflecting  the  -spectrum  of  0-electron  states,  in-plane  localized  in  the  “void  areas”  of  the  perturbation  layer. 
For  higher  densities,  a  second,  shaiper  peak  occurs  at  lower  energies,  due  to  occupation  of  extended  states.  By  applying  a 
longitudinal  electric  field,  the  fluctuation  amplitudes  A,„  of  the  two  subbands  can  be  continuously  varied,  up  to  the  point 
where  A]  =  Ao  (case  of  correlated  disorder).  The  corresponding  IS  spectra  gradually  change  to  a  single,  very  narrow  line 
with  an  only  weak  dependence  of  position  and  width  on  carrier  density.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  78.20.Bh;  78.20.-e;  7L23.An 

Keywords:  Disorder;  Potential  fluctuation;  Intersubband  spectrum 


1.  Introduction 

Interface  roughness  is  one  of  the  most  important 
factors  determining  the  linewidth  of  the  IS  resonance 
in  semiconductor  hetero-structures.  Using  advanced 
growth  techniques,  it  is  now  possible  to  fabricate  quan¬ 
tum  wells  with  thickness  fluctuations  da  of  only  one 
atomic  monolayer  du  ■  The  lateral  potential  amplitude 
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corresponding  to  these  fluctuations  is  not  very 
large  in  wide  quantum  wells,  because  of  the  small 
probability  density  of  electrons  in  the  interface  region. 
Consequently,  the  scattering  of  electrons  by  interface 
defects  is  often  considered  as  a  weak  perturbation, 
contributing  to  the  homogeneous  line  broadening  [1]. 
This  approximation  is  justified,  provided  that  the  lat¬ 
eral  “island  size”  Iq  of  the  interfaces  is  small  compared 
to  the  Fermi -wavelength  Ap  of  the  electron  gas. 

The  situation  is  different  in  narrow  wells,  as  they 
are  used  in  devices  with  large  IS  energy  differences 
S]  —  So,  like,  for  example,  the  mid-infrared  quantum 
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cascade  laser  [2].  In  such  systems,  the  interface- 
induced  lateral  potential  fluctuations  can  have  a  con¬ 
siderable  amplitude.  Then  there  arises  the  possibility 
of  in-plane  localization  of  electrons,  depending  how¬ 
ever  on  the  interface  correlation  length  or  average 
island  size  /q. 

In  the  alloy  limit  /o  ^  0  (“pseudo-smooth”  inter¬ 
faces),  a  homogeneous  medium  approximation  is  pos¬ 
sible  and  the  disorder  broadening  may  be  described 
by  an  electron  self-energy  with  some  flnite  imaginary 
part.  In  this  regime,  the  IS  resonance  has  an  almost 
Lorentzian  shape  and  its  linewidth  grows  with  decreas¬ 
ing  well  thickness. 

In  the  extreme  semiclassical  limit  /q  oo,  the  re¬ 
gions  of  different  well  thickness  a  =  a{x,  y)  can  be 
treated  like  independent  subsystems.  In  such  an  ideal 
situation,  multiple  sharp  lines  would  be  expected  in 
the  spectrum,  reflecting  the  “quantization”  of  the  well 
thickness  in  units  of  one  atomic  mono-layer  (As  al¬ 
ready  observed  in  the  case  of  interband  luminescence). 

Physically  more  interesting  is  the  regime  of  coher¬ 
ent  multiple  scattering,  when  the  island  size  is  finite 
and  comparable  to  the  Fermi -wavelength  /q  ~  /Ip.  In 
this  case,  the  thicker  areas  of  the  well  act  on  the  elec¬ 
trons  as  attractive,  lateral  “quantum  boxes”,  causing 
in-plane  localization  and  a  corresponding  level  quan¬ 
tization.  However,  there  is  usually  no  direct  signature 
of  those  effects  in  the  IS  spectrum,  because  the  lateral 
potential  modulation  acts  on  both  subbands  simulta¬ 
neously  and  in  a  similar  way.  It  would  therefore  be 
desirable  to  design  a  system  with  optical  transitions 
between  a  strongly  disordered  subband  and  some 
undisturbed  “reference  level”. 

Such  a  situation  can  be  approximately  realized  in  a 
(remotely  doped)  quantum  well  with  high-quality  in¬ 
terfaces,  in  which  disorder  is  purposefully  introduced 
by  placing  a  submonolayer  of  barrier  material  in  the 
center  Zc  of  the  well.  For  a  content  of  barrier  atoms 
jcb  >  0.5,  the  random  voids  in  the  layer  will  form 
attractive  islands  of  some  typical  size  /o-  If  the  ma¬ 
terial  of  the  perturbation  layer  is  lattice-matched  (no 
elastic  strain),  the  disorder  potential  can  be  modeled 
by  a  ^-function  along  the  growth  axis.  In  the  lateral 
directions,  it  is  described  by  a  binary-valued  random 
distribution  t/(x,  y)  e  {0, 1},  with  0  and  1  corre¬ 
sponding  to  voids  and  clusters  of  the  inserted  layer,  re¬ 
spectively.  The  effective  in-plane  perturbation  acting 
on  an  electron  with  the  subband  wave  function  (p/„(z) 


is  then  given  by  F„;(x,y)  =  A,nU{x,y\  with  the  fluc¬ 
tuation  amplitude  A„i  —  where  Fq  is  the 

conduction  band  discontinuity.  This  perturbation  po¬ 
tential  acts  selectively  on  the  ground  subband  w  =  0, 
as  long  as  the  node  of  the  m  =  1 -subband  coincides 
with  Zc.  Note  that  there  is  also  no  intersubband  mixing 
in  this  case.  By  applying  an  electric  field,  the  subband 
wave  functions  are  deformed,  which  is  equivalent  to 
an  external  tuning  of  the  peiturbation  amplitudes 
Since  these  quantities  determine,  both,  the  degree  of 
localization  and  the  IS  correlations,  strong  effects  are 
expected  for  the  IS  spectrum. 

In  this  paper,  we  analyze  the  situation  described 
above  in  realistic  computer  simulations.  First,  ran¬ 
dom  atomic  in-plane  profiles  are  generated,  according 
to  prescribed  statistical  properties  of  the  perturbation 
layer,  like  the  island  size  /q  and  the  coverage  Xb.  For 
each  of  these  profiles,  the  effective  in-plane  potentials 
(and  0-1  scattering  matrix  elements)  are  computed. 
Then,  the  Schrodinger  equation  of  the  multi-subband 
system  subject  to  the  lateral  potential  modulation  is 
solved  by  an  exact  numerical  diagonalization  tech¬ 
nique,  neglecting  all  effects  of  the  electron-electron 
interaction  (band-bending,  screening).  The  resulting 
disordered  electron  states  are  used  to  calculate  the 
IS  spectrum  (for  z-polarized  light  and  T  =  0  K)  as  a 
function  of  carrier  density,  using  Fermi’s  Golden  Rule 
(compare  Ref  [3]). 

The  organization  of  our  paper  is  as  follows.  Sec¬ 
tion  2,  we  introduce  our  model  system  and  some 
useful  quantities.  The  results  are  then  presented  and 
discussed  in  Section  3. 


2.  The  model  system 

We  considered  a  GaAs  quantum  well  of  thickness 
a  —  10.5  nm  in  an  AlAs-matrix  and  assumed  perfect 
(or  “pseudo-smooth”)  well-barrier  interfaces.  For  rea¬ 
sons  of  simplicity,  the  perturbation  layer  was  mod¬ 
eled  as  a  one-monolayer  thick  AlAs-film  with  ran¬ 
dom  voids.  The  voids  (lateral  quantum  boxes)  have 
a  quadratic  shape  with  linear  dimensions  /q,  are  sta¬ 
tistically  distributed  in  the  plane  and  cover  totally 
1  —  Xb  =  0.3  of  the  sheet  area.  Being  interested  only 
in  the  essential  physical  features  of  the  system,  we  as¬ 
sumed  that  the  electric  field  F  and  the  carrier  density 
«s  can  be  varied  independently. 
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Fig.  1.  Schematic  lateral  modulation  of  the  subband  edges  and 
characteristic  energies  of  the  model  system. 


For  the  discussion  of  our  simulation  results  it  is 
useful  to  introduce  some  characteristic  quantities, 
related  to  the  position  dependent  subband  energy 
edges  G,„(x,y)  in  the  laterally  modulated  quasi-2D 
system.  Fig.  1  shows  the  splitting  of  the  two  undis¬ 
turbed  (=  average)  subband  edges  s,„  due  to  the 
lateral  potential  modulation,  the  fluctuation  ampli¬ 
tudes  A,„  and  the  characteristic  transition  energies 
-  £o,  Em  and  ^^rep  (corresponding,  respec¬ 
tively,  to  the  average  system,  the  attractive  quantum 
boxes  and  the  repulsive  banier  regions).  Note  that  for 
A{)  >  A],  the  relation  ^i-cp  <  E^v  <  Em  is  valid.  Thus, 
in  the  semiclassical  limit  /q  — »  oo  at  sufficient  carrier 
density,  one  would  expect  two  IS  lines  below  and 
above  the  average  subband  separation.  The  peak  split¬ 
ting  £'att  —  Erep  =  Aq  —  A\  is  a  direct  measure  of  the 
“subband  selectivity”  of  the  lateral  potential  modula¬ 
tion.  It  disappears  in  the  case  of  perfectly  correlated 
disorder  Aq  =  A\.  However,  in  the  more  realistic  cases 
discussed  below,  the  peak  positions  can  deviate  from 
these  semiclassical  values,  due  to  localization  effects. 


3.  Results  and  discussion 

The  central  part  of  Fig.  2  shows  the  results  for  the 
unbiased  system,  i.e.  the  case  of  perfectly  selective 
disorder  with  zlo  =  27  meV  and  A\  =  0.  In  this  system 
state,  the  semiclassical  transition  energies  would  be 
=  83  meV,  E.^yj  =  9\  meV  and  Em  =  110  meV. 

We  first  consider  a  low  density  of  =  1.9  x 
10"  cm"^,  where  the  Fermi  level  is  located  in  the 
classically  bound  energy  region  ao.aii  <  ^  <  co.rep- 
Here  we  find  a  broad  absorption  peak  at  photon  ener¬ 
gies  slightly  below  Em  •  This  peak  is  due  to  transitions 
between  localized  states  of  the  0-subband,  confined 


Fig.  2.  Calculated  IS  spectra  in  the  case  of  selective  disorder  for 
three  different  carrier  densities:  «s  =  1-9  x  lO'^  cm”^  (fiill  line), 
«s  =  3.8  X  10"  cm“^  (dotted  line)  and  %  =  1.9  x  ll’^  cm"^ 
(dashed  line).  The  vertical  arrows  indicate  the  characteristic  tran¬ 
sition  energies  in  the  semiclassical  limit.  The  sharp  peak  at  142 
meV  corresponds  to  the  case  of  correlated  disorder. 


in  the  lateral  quantum  boxes  (voids),  and  delocalized 
plane- wave  states  of  the  undisturbed  excited  subband 
(Compare  Fig.  3(a)).  Note  that,  in  general,  each 
initial  state  has  finite  overlap  with  many  plane  waves 
in  the  1 -subband,  reflecting  the  broad  Fourier  spec¬ 
trum  of  localized  wave  functions. 

At  density  ^Zs  =  3.8  x  lO"  cm“^,  the  Fermi  level 
already  exceeds  the  top  of  the  lateral  wells  ((P  >  cq,  rep ) 
and  extended  states  start  to  become  occupied.  The  “lo¬ 
cal  kinetic  energy”  E]^\j,{x,y)  =  <P  -  8()(x,y)  of  these 
Fermi  surface  states  is  small  in  repulsive  areas  and 
high  in  the  quantum  box  regions.  Thus,  the  associated 
wave  functions  contain  both  low  and  high  spatial  fre¬ 
quency  components  and  couple  to  the  corresponding 
plane  waves  in  the  1 -subband  (see  Fig.  3(a)).  In  the 
IS  spectrum,  the  low-frequency  components  produce 
a  relatively  narrow  peak  close  to  E^cp,  while  there  is 
still  some  contribution  at  Em  from  the  quantum  box 
regions. 

At  even  higher  densities  n^  — \  . 9  x  10^^  cm“^,  the 
average  kinetic  energy  of  the  Fermi  edge  states  is  large 
compared  to  the  potential  fluctuations  Aq.  These  states 
are  only  weakly  modulated  by  the  lateral  potential 
profile  and  behave  almost  like  in  the  undisturbed,  or 
average  system.  Consequently,  they  contribute  to  the 
IS  spectrum  at  energies  around  E^- 

We  now  turn  to  the  case  of  perfectly  correlated 
disorder,  which  is  realized  at  an  electric  field  of 
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F  —  260  kV/cm.  As  shown  in  the  right  part  of  Fig. 
2,  the  corresponding  IS  spectrum  consists  of  a  single 
and  extremely  narrow  line,  with  the  position  and  width 
depending  only  weakly  on  the  carrier  density.  This 
is  due  to  the  parallel  fluctuations  of  the  two  effective 
subband  edges  ei(x,  y)  —  £0(^5  t)  —  ^av  =  const  (see 
Ref  [3]).  A  very  similar  spectrum  of  (localized  and 
extended)  quantum  states  is  formed  in  both  subbands 
(see  Fig.  3(b))  and  IS  transitions  occur  only  between 
“correlated  pairs”  of  wave  functions  (Small  deviations 
from  this  rule  may  occur  due  to  IS  mixing  effects). 
Since  this  special  form  of  disorder  shifts  the  initial  and 
final  level  by  almost  the  same  amount,  the  transition 
energy  is  always  close  to  ^av 

We  conclude  that  the  realization  of  our  “computer 
experiment”  would  provide  direct  evidence  for  the  IS 
correlation  effects.  In  the  case  of  selective  disorder,  the 
spectra  yield  information  about  the  atomic  “interface” 
profile  of  the  perturbation  layer. 
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active,  when  the  corresponding  initial  states  are  occupied  with 
increasing  Fermi  level. 
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Abstract 

We  investigate  theoretically  the  absorption  of  infrared  radiation  by  quasi-2D  conduction  band  electrons  in  strongly  doped 
semiconductor  quantum  wells.  Due  to  the  break-down  of  the  /r-conservation  rule  in  such  disordered  systems,  absorption 
is  possible  not  only  with  light  polarized  in  growth  direction,  but  also  in  the  case  of  in-plane  polarization.  We  start  with 
realistic  single  particle  states,  localized  in  the  layer  plane  by  the  potential  fluctuations  of  the  random  impurity  distribution. 
The  absorption  spectrum  for  both  polarization  modes  is  then  calculated  on  the  basis  of  these  electron  states,  using  Fermi’s 
golden  nile.  For  perpendicular  polarization,  our  theory  yields  the  usual  resonance  line  at  the  intersubband  energy  separation 
Lo,os  =  ^^1  -  r,o,  yet  asymmetrically  broadened  by  the  disorder.  The  same  model  system  shows  for  in-plane  polarized  light  a 
broader  absorption  band  in  the  low-energy  range  <  tuon^^x,  which  is  due  to  non-/r-conserving  intra-subband  transitions 

between  localized  states.  With  increasing  electron  density,  this  spectrum  becomes  narrower  and  its  peak  is  red  shifted  more 
and  more.  When  the  disorder  is  reduced  by  modulation  doping,  intra-subband  absorption  can  be  observed  only  in  the  range 
of  veiy  small  photon  energies,  e.g.  tia)m,,x  — ^  0.  Both  effeets  can  be  explained  by  considering  the  properties  of  the  disordered 
electron  states.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  78.20.Bh;  78.20.-e;  71.23.An 

Keywords:  Disorder;  Free-carrier  absorption;  Intra-subband  transition;  Potential  fluctuation 


1.  Introduction 

In  order  to  study  intra-conduction  band  absorption 
in  quasi-2D  systems,  the  incoming  light  beam  has  usu¬ 
ally  to  be  polarized  perpendicular  to  the  electron  layer. 
In  this  mode,  electrons  are  directly  excited  from  the 
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ground  subband  0  to  some  higher  subband  m  >  0  (or 
the  continuum).  In  the  single-particle  picture,  this  cor¬ 
responds  to  “vertical”  inter-subband  transitions  in  the 
^(/r)-diagram  (energy  versus  wave  vector). 

In  an  ideal  system  (free  electron  motion  parallel 
to  the  layers)  and  without  the  assistance  of  phonons, 
absorption  of  in-plane  polarized  light  would  be  im¬ 
possible,  because  energy  and  momentum  cannot  be 
conserved  in  this  configuration.  This  polarization  di¬ 
rection,  however,  becomes  effective  via  higher-order 
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transitions,  involving  the  simultaneous  scattering  with 
some  kind  of  dynamic  or  static  imperfections. 

The  free-carrier  absorption  of  in-plane  polarized 
light,  assisted  by  acoustic  photons,  has  already  been 
analyzed  by  Spector  [1],  using  a  second-order  golden 
rule  approximation.  In  the  present  paper,  we  investi¬ 
gate  the  absorption  spectrum  of  heavily  doped  quan¬ 
tum  wells,  where  scattering  with  charged  impurities 
provides  the  necessary  momentum  transfer  for  optical 
intra-subband  transition. 

It  should  be  noted  that  a  perturbative  treatment  of 
the  scattering  is  not  possible  in  our  case,  because  the 
interaction  of  the  electrons  with  the  impurities  can 
be  extremely  strong,  especially  in  center  doped  quan¬ 
tum  wells,  or  in  modulation  doped  structures  with 
thin  spacer  layers.  Actually,  in  those  systems,  co¬ 
herent  multiple  scattering  leads  to  the  formation  of 
in-plane  localized  electron  states,  which  can  conse¬ 
quently  not  be  characterized  by  a  well-defined  wave 
vector  k  or  subband  index  m.  Rather,  the  whole  the¬ 
ory  has  to  be  based  on  these  disordered  single-particle 
states  from  the  start.  Once  the  electron-impurity  inter¬ 
action  is  incorporated  exactly  into  the  quantum  states, 
photon-assisted  transitions  can  be  computed  directly 
with  the  first-order  golden  rule  formula. 

We  use  numerically  calculated  electron  states  in 
a  finite  lateral  simulation  area  with  periodic  bound¬ 
ary  conditions,  corresponding  to  a  realistic  random 
distribution  of  charged  donors  (cf.  Ref.  [2]).  Static 
screening  of  the  potential  fluctuations  is  included 
on  the  Hartree  level  [3,4].  For  simplicity,  we  disre¬ 
gard  any  dynamic  electron-electron  interactions  [5], 
the  electron-phonon  coupling  and  non-parabolic ity 
effects. 

The  organization  of  our  paper  is  as  follows.  In 
Section  2,  we  introduce  our  two-model  systems.  The 
results  for  both  models  are  then  presented  and  dis¬ 
cussed  in  Section  3. 


2.  The  model  systems 

To  extract  the  fundamental  physics  of  intra-subband 
absorption,  it  is  convenient  to  start  with  a  highly 
simplified  (model  A).  We  have  considered  an 
AlGaAs-GaAs  (effective  mass  md  =  0.067 wq)  square 
potential  well,  characterized  by  the  thickness  a  and 
barrier  height  Kb,  which  is  disturbed  by  a  “co -doping” 


Fig.  1.  Intra-subband  absorption  spectra  of  model  system  A 
with  modulation  co-doping,  for  three  different  electron  densi¬ 
ties:  (a):  —  0.25  x  10^^  cm“^,  (b):  =  0.75  x  lO'^  cm“^, 

(c):  «<^^  =  I.25x  10'“cm“^.  The  system  parameters  used  in 
the  calculations  were  as  follows:  a  =  4  nm,  =  230  meV, 
=  1.0  X  10*^  cm”“,  spacer  d  —  2  nm. 


Fig.  2.  Like  Fig.  1,  however  with  the  co-doping  layer  placed  in 
the  center  of  the  quantum  well. 


<5-layer  (compare  insets  of  Figs.  1  and  2).  We  as¬ 
sume  an  equal  density  of  charged  donors  and 
acceptors,  randomly  distributed  within  this  layer. 
Such  an  exactly  compensated  doping  layer,  although 
difficult  to  realize  in  practice,  is  macroscopically 
neutral  and,  thus,  causes  no  band  bending  in  the 
average  conduction  band  profile.  Nevertheless,  it 
creates  potential  fluctuations  similar  to  the  case  of 
ordinary,  non-compensated  doping.  Thus,  the  fun¬ 
damental  subband  structure  of  the  2D-system  does 
not  depend  on  the  z-position  of  the  co-doping  layer. 
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Fig.  3.  Intra-  (full  lines)  and  intcr-subband  (dashed  lines)  absorp¬ 
tion  spectra  of  the  realistic  model  B  with  modulation  ^-doping 
=  0.75  X  lO'-  cm"“‘),  for  three  different  electron  densities; 
(a)  (b):  02N^  \  (c):  The  system  parameters  used 

in  the  calculations  were  as  follows:  a  —  10  nm,  Fi,  =  230  meV, 
spacer  d  =  5  nm. 


relative  to  the  electron  gas.  Since  we  also  neglect 
electron-electron  interactions  in  model  A,  the  disor¬ 
dered  single  particle  states  for  a  given  set  of  system 
parameters  can  be  computed  once  and  for  all.  The 
electrons  are  then  filled  into  this  fixed  level  spectrum, 
according  to  a  Fernii  distribution  (at  T  =  4K),  and 
the  intra-subband  absorption  spectra  are  calculated 
for  different  (two-dimensional)  carrier  densities 
In  the  next  step  we  consider  a  more  realistic  system 
(model  B),  a  /?-type  ^-doped  quantum  well  embedded 
in  a  field  effect  transistor  structure,  in  which  the  carrier 
density  is  controlled  by  a  metallic  gate  (compare 
insets  of  Figs.  3  and  4).  In  model  B  we  re-calculate 
the  self-consistent  band  profile  for  each  given  and 
also  include  static  electronic  screening  of  the  potential 
fluctuations  on  the  level  of  the  Hartree  approximation. 
Note  that  in  this  realistic  model,  while  the  Fermi  level 
is  scanning  through  the  density  of  states,  the  quantum 
states  of  the  electrons  are  changing.  Thus  the  observed 
changes  in  the  optical  spectra  are  partly  due  to  “triv¬ 
ial”  effects,  e.g.  the  ^-dependence  of  the  fundamen¬ 
tal  subband  structure.  In  model  B  we  include,  both, 
the  ground  {m  =  Q)  and  first  excited  {m  =  \)  subband, 
so  that  we  can  analyze  the  0-0  intra-subband  and  the 
0-1  inter-subband  absorption  processes  simultane¬ 
ously  (for  in-plane  and  perpendicular  light  polariza¬ 
tion,  respectively). 


photon  energy  (meV) 


Fig.  4.  Like  Fig.  3,  however  with  the  w-doping  layer  placed  in  the 
center  of  the  quantum  well. 


3.  Results  and  discussion 

The  absorption  spectra  calculated  for  model  system 
A  are  presented  as  a  function  of  electron  density  in 
Fig.  1  (modulation  co-doping,  weaker  disorder)  and  in 
Fig.  2  (center  co-doping,  very  strong  disorder).  Gen¬ 
erally,  the  0-0  transitions  occur  in  the  low-fi*equency 
range  (starting  from  ftoj  =  0)  and  the  spectra  show 
an  asymmetric  line  profile,  with  a  long  tail  on  the 
high-energy  side.  We  can  characterize  this  line  shape 
by  the  peak  photon  energy  ^copcak  and  the  high-energy 
“limit”  of  the  absorption  range  ^comax  (where  the  ab¬ 
sorption  has  dropped  to  of  its  peak  value). 

In  the  case  of  modulation  doped  systems,  we  can 
roughly  estimate  the  high-energy  limit  for  intra¬ 
subband  transitions  by  considering  the  parabolic  dis¬ 
persion  relation  of  free  carriers  and  assuming  the 
electrons  initial  state  at  the  band  minimum  (A:  =  0). 
By  scattering  with  the  charged  impurities,  the  maxi¬ 
mum  wave  vector  transfer  is  here  of  order  A^max  ~ 
l/^/,  where  d  is  the  spacer  layer  thickness.  With  this 
momentum  gain,  the  electron  can  be  excited  up  to 
energies  of  order  £'max  ~  (i^A^max)^/(2wei).  For  a 
spacer  of  =  5  nm  we  thus  obtain  =  23  meV, 
which  is  in  fair  agreement  with  the  observed  spectral 
widths.  Correspondingly,  with  increasing  spacer  layer 
d  the  intra-subband  excitations  become  more  and 
more  limited  to  the  range  of  very  long  wavelengths 
(microwave  radiation,  AC-electric  fields). 

For  systems  with  small  spacer  layers  (strong  dis¬ 
order),  however,  the  free  electron  picture  is  not 
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applicable  any  longer,  because  the  carriers  become 
in-plane  localized.  Approaching  the  extreme  case  of 
center-doping  (Fig.  2),  the  absorption  band  width 
saturates  at  about  ^cOmax  ~  50  meV,  for  an  electron 
density  of  rp-^  =  0.75  x  10^^  cm~^. 

Note  that  the  low-energy  excitations  ^  0  are 
due  to  levels  slightly  below  and  above  the  Fermi  level 
Therefore,  the  ^-dependence  of  the  absorption 
coefficient  at  low  photon  energies  reflects  specifically 
the  properties  of  the  electron  states  at  the  Fermi  edge 
of  the  disordered  quantum  spectrum. 

Especially,  the  limiting  case  at  fico  —  0  describes 
the  DC-conduction  of  the  electron  system.  Although 
our  lateral  system  size  is  too  small  to  simulate 
DC-transport  realistically,  our  results  indicate  a  rather 
abrupt  increase  of  the  absorption  coefficient  a(co  =  0) 
(or,  equivalently,  of  the  real  part  of  the  dynamic  con¬ 
ductivity  fT(a)  =  0))  from  zero  to  a  finite  value  at  a 
certain  carrier  density  This  may  be  interpreted 
as  an  insulator-metal  transition,  which  can  also  be 
confirmed  by  inspecting  the  nature  of  the  quantum 
states  in  vicinity  of  the  critical  Fermi  level. 

In  the  insulating  regime,  for  low  carrier  densities 
(Fermi  level  located  deep  in  the  tail  of  the  broadened 
density  of  states),  all  electrons  are  localized  in  indi¬ 
vidual  potential  minima.  At  energies  slightly  above 
the  Fermi  level,  no  final  states  with  considerable 
optical  matrix  element  are  available,  because  the  cor¬ 
responding  wave  functions  are  localized  in  spatially 
separate  areas.  Only  at  higher  excitation  energies, 
hco  ficopcaky  optically  connected  states  become  ac¬ 
cessible.  These  states  are  more  extended,  however, 
not  in  the  sense  of  plane  waves.  Rather,  the  oc¬ 
cupation  probability  of  each  of  these  high-energy 
(“scarred”)  wave  functions  is  spatially  distributed 
over  many  small  resonances,  appearing  typically 
above  the  “valleys”  of  the  2D  potential  relief  If  one 
of  these  resonances  is  located  at  the  same  lateral 
potential  well  where  the  initial  electron  state  is  local¬ 
ized,  a  finite  matrix  element  becomes  possible.  Thus, 
for  low  earner  densities,  the  maximum  absorption  is 
found  at  higher  photon  energies. 

If  more  carriers  are  filled  into  the  (fixed)  random  po¬ 
tential  landscape,  the  localization  radius  of  the  Fermi 
edge  states  increases.  If  the  Fermi  level  reaches  the  re¬ 
gion  of  the  “extended”  states  described  above,  optical 
transitions  with  lower  excitation  energy  become  pos¬ 
sible.  The  corresponding  initial  and  final  states  have  a 


subset  of  their  resonance  maxima  located  in  the  same 
spatial  areas.  Correspondingly,  ^copeak  is  gradually  red 
shifted  with  increasing 

We  now  turn  to  the  results  obtained  for  the  more 
realistic  model  B.  Fig.  3  shows  absorption  spectra  (real 
part  of  the  dynamic,  two-dimensional  conductivity  a) 
calculated  for  the  modulation  n-doped  sample,  both  for 
in-plane  (full  line)  and  z-polarized  light  (dashed  line). 
Note  that  the  integrated  absorptions  of  the  inter-  and 
intra-subband  spectra  are  of  comparable  magnitude. 
This  is,  for  low  carrier  densities,  a  simple  consequence 
of  the  oscillator  strength  sum  rule. 

The  0-1  intersubband  resonance  is  found  very  close 
to  the  undisturbed  subband  separation  hco  res  —  ^0* 

Its  asymmetric  peak  shape  and  surprisingly  small  line 
width  (despite  the  strong  potential  fluctuations)  are 
due  to  the  intersubband  correlation  effect,  which  has 
already  been  described  in  detail  before  [2]. 

The  0-0  absorption  spectra  show  basically 
the  same  tendencies  as  in  the  case  of  model  A,  i.e. 
the  dominance  of  long-wavelength  excitations  in  the 
high-density  regime.  A  detailed  interpretation  of 
these  spectra  is,  however,  complicated  by  the  simul¬ 
taneous  effects  of  the  electron-electron  interaction 
(band  bending,  screening).  Especially,  a  part  of  the 
observed  absorption  peak  shift  with  electron  density 
is  now  due  to  changes  of  the  potential  profile  in  the 
lateral  and  z-directions. 

In  heavily  doped  quantum  wells,  it  should  be  possi¬ 
ble  to  observe  intra-subband  transitions  with  standard 
far-infrared  or  RAMAN  spectroscopy.  In  quasi-2D 
systems  with  controllable  electron  density,  the  deriva¬ 
tive  of  the  absorption  coefficient  with  respect  to  the 
density  (small  modulation  of  around  its  mean 
value  at  fixed  wavelength)  would  be  of  special  inter¬ 
est.  This  quantity  would  yield  valuable  information 
about  the  properties  of  the  disordered  electron  states 
at  the  Fermi  level.  However,  for  a  direct  comparison 
with  experiment  in  the  high  density  regime,  it  will  be 
necessary  to  include  dynamic  electron-electron  inter¬ 
actions  into  the  theory.  This  work  is  now  in  progress. 
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Abstract 

We  present  a  full  RPA  formalism,  and  an  efficient  computational  scheme  for  the  inter-subband  relaxation  processes  due 
to  the  electron-electron  interactions  in  quantum  well  structures.  Based  on  a  full  self-energy  calculation,  our  formalism 
includes  both  single  particle  (e.g.  Auger)  and  collective  (plasmon)  processes,  and  is  applicable  to  strongly  inhomogeneous, 
non-equilibrium  steady-state  systems.  To  show  the  efficacy  of  our  formalism,  we  analyze  two  recent  experiments  which 
report  different  scattering  rates  for  similar  structures  and  similar  carrier  densities.  We  obtain  quantitative  agreement  with  the 
experimental  results,  showing  that  the  observed  difference  is  due  to  different  excitation  levels  of  the  electron  population. 
We  have  also  shown,  that  the  electron-plasmon  scattering  dominates  inter-subband  electron-electron  scattering  at  low 
temperatures.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Electron-electron  scattering;  Auger  process;  Collective  excitations;  Plasmons;  Self-energy 


1,  Introduction 

Electron-electron  scattering  dominates  the  physics 
of  carrier  relaxation  in  quantum  nanostructures  for 
which  the  inter-subband  separation  is  less  than  the 
LO  phonon  energy  (^^35  meV  in  GaAs).  Knowledge 
of  the  electron-electron  scattering  rates  is  therefore 
crucial  in  determining  the  electrical  and  thermal 
transport  properties  of  such  structures.  This  is  espe¬ 
cially  important  for  structures  used  as  active  regions 
of  devices  designed  for  emission  of  radiation  in  the 
THz  frequency  range  [1-3].  Typically,  these  operate 
in  a  non-equilibrium  steady  state,  and  in  some  cases 


*  Corresponding  author.  Fax:  -1-1-617-552-8478. 
E-mail  ctddre,^s:  kempa@bc.edu  (K.  Kempa) 


cany  a  large  electron  population  in  the  active  region. 
Then  the  electron-electron  scattering  becomes  the 
limiting  mechanism  in  achieving  population  inver¬ 
sion.  Of  obvious  interest  here  is  the  possibility  of 
reducing  those  electron-electron  scattering  rates  (by 
appropriate  structure  design,  or  excitation  scheme)  so 
that  a  significant  inter-subband  population  inversion 
can  be  achieved  [2,3].  This  could  clear  the  way  to  a 
THz  laser  [2,3]. 

Experiments  show  that  the  inter-subband  electron- 
electron  scattering  rates  in  semiconductor  quantum 
well  systems  can  be  very  high  (of  the  order  of  1 
meV),  almost  approaching  in  some  circumstances  the 
inter-subband  scattering  rate  due  to  emission  of  LO 
phonons.  However,  two  recent  experiments  [4-6], 
performed  on  two-subband  quantum  well  structures 
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(with  the  inter-subband  separation  below  the  LO 
phonon  threshold),  showed  that  the  inter-subband 
relaxation  rates,  due  to  electron-electron  scattering, 
differed  in  the  two  experiments  by  over  an  order  of 
magnitude. 

We  present  here  an  efficient  calculation  scheme,  for 
the  electron-electron  scattering  rate  in  quantum  well 


Xo(r,i-',w)  =  J2  E 

Kn  K'n' 


in  RPA  by  the  Dyson  equation 

S(y,  r\  oj)  =  v{r,  j  dv"  J  d/"v(r,  ) 

(3) 

where  the  Coulomb  potential  is  v(r,r')  —  -  r'| 

and  the  bare  susceptibility  is 

if  Kn  ~ 

(D^E{Kn)-E{K'n^)  +  \d  ^  ^ 


systems,  which  includes  both  single  particle  (Auger) 
and  collective  (plasmon)  processes.  Such  a  complete 
treatment  is  essential  for  a  proper  analysis  of  the 
non-equilibrium  steady  state  systems  with  significant 
carrier  populations.  We  apply  this  formalism  to  the 
experimental  scenarios  of  Refs.  [3-6]. 

We  consider  here  a  nanostmeture  in  which  elec¬ 
trons  arc  trapped,  by  an  arbitrary  confining  potential, 
to  a  finite  size  domain  in  z  the  direction,  and  are  free 
to  move  in  any  direction  perpendicular  to  z.  We  as¬ 
sume,  that  the  energy  spcctmm  consists  of  only  two 
subbands,  and  that  the  temperature  is  zero  in  this  part 
of  the  paper.  The  averaged  out  scattering  rate,  yscat^  of 
an  electron  in  the  upper  of  the  two  subbands  (/?  =  2), 
can  be  obtained  from  the  imaginary  part  of  the  corre¬ 
sponding  self-energy,  which  in  RPA  has  the  following 
form  [7,8]: 

J2(r,r',m)  =  T  J  dco'S(r,r\o)')Go(r,r' ,u)  -  co'), 

(1) 


where  the  single-particle  (noninteracting)  propagator 
is  given  by 


Go(r,r\o))  =  J2 

Kn 


CO  -  E{Kn)  -t-  i^’ 


(2) 


where  K  is  the  electron,  in-plane,  wave  vector  of 
the  electron,  w  =  1,2,  is  the  subband  index,  and  r  = 
where  R  is  the  in-plane  position  vector.  The 
single-particle  energy  is  E{Kn)  =  K^I2m  -f  e„  {m  is 
the  effective  mass,  is  the  electron  energy  asso¬ 
ciated  with  the  motion  in  z-direction).  Throughout 
we  assume  that  1.  j/ic„(r)  is  the  corresponding 
single-particle  eigenfunction  of  the  state  K  in  the  «th 
subband.  The  screened  interaction  6'(r,r',co),  is  given 


with  f  Kn  are  the  respective  occupation  factors,  and 
£  is  the  dielectric  constant  of  the  semiconductor.  The 
expectation  value  of  the  self-energy  in  the  state  Knis> 

D(Kn)  =  J d,-  J dr'ZiK,/,E(Kn)),k»{i-)>l'L(>’') 

(5) 

and,  finally, 

rsc.1t  =  l/Tscat  =  -(Im[D(A’2)])  (6) 

where  (  )  means  averaging  over  all  states  of  the  upper 
subband  (n  =  2). 

Further  algebra  is  needed,  which  involves  Fourier 
transforming  in-plane  quantities  and  employing  the 
cosine  Fourier  transforms  [9-11]  along  z,  to  transform 
the  above  equations  into  an  efficient  computational 
scheme  [12]. 

We  first  apply  our  formalism  to  the  experimen¬ 
tal  scenario  of  Ref.  [4],  where  a  double  well  struc¬ 
ture  is  remotely  doped,  so  that  electrons  occupy  the 
lower  subband  up  to  the  Fermi  level  £'fi  =  4  meV.  A 
beam  of  THz  radiation  excites  some  of  the  electrons 
to  the  upper  subband.  The  inter-subband  separation  is 
zl  =  1 1  meV.  All  other  subbands  in  this  structure  are 
at  least  100  meV  above  this  doublet.  The  occupation 
of  the  upper  subband  (N2 )  is  controlled  by  the  radia¬ 
tion  intensity  (/),  and  can  be  estimated  from  the  elec¬ 
tron  flux  balance  between  the  two  subbands  N 1  yjHz  = 
N2yscat,  where  Ni  is  the  lower  subband  population, 
and  yjHz,  proportional  to  /,  is  the  up-conversion  rate 
due  to  the  TFIz  radiation.  Fig.  1  shows  our  calculation 
(circles)  of  l/tgcat  versus  I  compared  with  the  experi¬ 
mental  results  (squares).  The  agreement  is  very  good 
over  three  orders  of  magnitude  of  /. 

Next,  we  apply  our  fonnalism  to  a  similar  double 
well,  two  subband  structure  of  Refs.  [5,6].  In  this  case, 


K.  Kempa  et  al  I  Phy ska  E  7  (2000)  225-228 


221 


Fig.  1.  Inter-subband  scattering  rate  versus  intensity  of  the  THz 
radiations.  Circles  represent  our  calculation,  and  squares  the  ex¬ 
perimental  results  of  Ref.  [4]. 


Fig.  2.  Inter-subband  scattering  time  versus  total  electron  density. 
Circles  represent  our  calculation,  and  squares  the  experimental 
results  of  Refs.  [5,6]. 


a  laser  beam  is  used  to  excite  electrons  from  the  va¬ 
lence  band  into  a  narrow  window  which  overlaps  with 
both  subbands  in  the  conduction  band.  Since  the  ex¬ 
citation  rate  is  very  fast,  the  electron  population  di¬ 
vides,  essentially  equally  (due  to  the  constant  density 
of  states),  between  the  two  subbands.  The  final  result 
of  our  calculation  (circles)  is  shown  in  Fig.  2,  and  is 
in  a  good  quantitative  agreement  with  the  experiment 
(squares). 

In  the  experiment  of  Ref.  [4],  for  most  of  the  radi¬ 
ation  intensities,  the  electron  gas  had  a  smaller  popu¬ 
lation  in  the  upper  band,  compared  to  the  case  of  the 


Fig.  3.  Iiiter-subband  scattering  rate  versus  temperature.  Circles 
represent  our  calculation,  and  squares  the  experimental  results  of 
Ref  [13]. 


experiment  of  Refs.  [5,6].  Then  a  simple  phase-space 
blocking  argument,  combined  with  the  quadratic  scal¬ 
ing  of  the  Auger  process  with  the  upper  band  den¬ 
sity,  explains  the  smaller  scattering  rates  measured  in 
Ref.  [4]. 

One  of  the  results  of  the  experiment  reported 
in  Ref.  [4]  was  the  temperature  dependence  of  the 
inter- subband  scattering  rate.  It  was  suggested  that 

Tscat ^  exp(— ^ai/A:!") -h^exp(— .£'a2/A:r),  with  the 

activation  energy  E^\  =2.9  meV  for  small  temper¬ 
ature  (T),  and  E^a  =  24  meV  for  large  T.  While 
Es2  clearly  is  due  to  emission  of  LO  phonons 
(colo  “  d  -f  .£’a2  =  35  meV),  origin  of  the  lower  ac¬ 
tivation  energy  ^ai  remained  unexplained.  In  a  later 
study  (Ref.  [13]),  this  low-temperature  domain  was 
studied  in  detail.  It  was  shown,  that  the  temperature 
dependency  in  this  very  low  T  range  {T  <  30  K), 
is  more  complex  than  earlier  suggested  on  the  basis 
of  a  very  limited  number  of  data  points.  In  fact,  the 
scattering  rate  seems  to  follow  dependency,  in  the 
temperature  range  10  K  <  T  <  30  K,  before  saturat¬ 
ing  at  the  level  of  10^  s“‘  for  T  <  10  K  (see  Fig.  3, 
squares). 

In  order  to  calculate  the  temperature  dependency 
of  the  inter-subband  scattering  rate,  we  include 
temperature  in  our  formalism.  Since  the  experi¬ 
mental  scenarios  of  Refs.  [4,13]  employ  a  marginal 
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excitation  of  the  electron  gas  (quasi-equilibrium  sit¬ 
uation),  in  this  study  of  the  temperature  dependency, 
we  can  employ  the  Matsubara  formalism.  More  de¬ 
tails  arc  given  elsewhere  (Ref  [12]).  The  results  of 
our  calculations  arc  shown  in  Fig.  3  (circles),  to¬ 
gether  with  the  experimental  results  of  Refs.  [4,13] 
(squares).  Our  calculations  agree  well  with  the  exper¬ 
iment  in  the  window  10  K  <  T  <  30  K.  The  higher 
observed  scattering  rates  outside  this  range,  are  due 
to  mechanisms  not  included  in  our  calculations  (i.e. 
LO  phonons  for  T  >  30  K,  and  acoustic  phonons  for 
T  <  10  K).  In  our  calculation  [12]  we  find  that  the 
low-tcmpcraturc  expansion  for  the  electron-electron 
scattering  rate  begins  with  a^bT~.  In  this  range, 
the  electron-electron  scattering  rate  is  dominated  by 
the  collective  contribution  (i.e.  from  plasmons  and 
higher-order  electron-electron  processes),  as  com¬ 
pared  to  the  Auger  process.  The  relative  importance 
of  the  collective  contribution  diminishes  for  larger 
T.  For  the  parameters  of  the  experimental  scenario 
of  Ref  [13]  (areal  density  of  lO”  cm"^),  however, 
even  at  T  —  20  K,  it  amounts  to  50%  of  the  total 
scattering  rate.  This  emphasizes  the  importance  of 
performing  the  full  self-energy  calculations. 

In  conclusion,  we  have  developed  a  full  RPA  for¬ 
malism,  and  an  efficient  computational  scheme  for  cal¬ 
culating  the  electron-electron  scattering  rate,  which 
includes  both  single  particle  (e.g.  Auger)  and  collec¬ 
tive  (plasmon)  processes.  Our  calculations  arc  in  good 
quantitative  agreement  with  recent  experimental  re¬ 
sults.  We  have  also  shown,  that  the  temperature  de¬ 
pendence  of  the  intcr-subband  electron-electron  scat¬ 
tering  rate  in  the  quantum  well  system  of  Ref  [13], 
is  dominated  by  the  electron-plasmon  scattering,  i.e. 
collective  effects,  below  T  ~  20  K. 
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Abstract 

The  evolution  of  nonequilibrium  electron  distributions  in  wide  GaAs  quantum  wells,  driven  by  electron-electron  scattering 
processes,  is  calculated  through  numerical  integration  of  the  Boltzmann  collision  integrals,  by  incorporating  the  multi-subband 
dynamically  screened  Coulomb  interaction  derived  in  the  random  phase  approximation.  We  present  results  for  the  thermali- 
sation  and  intersubband  population  relaxation  times  of  these  distributions,  for  different  carrier  densities  and  lattice  tempera¬ 
tures,  and  for  different  fractions  of  the  population  excited  into  the  upper  subband,  including  the  highly  nonequilibrium  case 
of  a  population  inversion  between  the  subbands.  We  compare  the  relative  importance  of  electron-electron  and  electron- 
LO-phonon  scattering  processes  in  determining  the  intersubband  population  relaxation  times.  The  role  played  by  screening 
in  intersubband  transitions  is  discussed.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Intersubband  population  relaxation;  Electron-electron  scattering;  Nonequilibrium  distributions;  Dynamic 
screening 


In  the  current  generation  of  mid-infrared  quantum 
cascade  lasers,  which  operate  through  intersubband 
transitions  in  the  conduction  band,  electron-LO- 
phonon  scattering  is  the  dominant  competing  non- 
radiative  process.  To  extend  these  devices  to  longer 
operating  wavelengths  in  the  far-infrared,  wider 
quantum  wells  are  required,  resulting  in  smaller  inter¬ 
subband  energy  separations.  For  energy  separations 
less  than  the  LO-phonon  energy  E^o,  the  electron- 
LO-phonon  scattering  process  is  suppressed,  and 
intersubband  transitions  through  electron-electron 
scattering  become  significant.  In  this  work,  we  fo- 
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cus  on  the  electron-electron  scattering  process.  In 
particular,  we  investigate  the  temporal  evolution  of 
nonequilibrium  electron  distributions  driven  by  this 
process,  and  the  resulting  intersubband  population 
relaxation  times. 

To  calculate  the  evolution  of  nonequilibrium  elec¬ 
tron  distributions  in  the  quantum  well  subbands  we 
numerically  integrate  the  multisubband  Boltzmann 
collision  rate  equations  [1,2].  The  screened  interac¬ 
tion  [2,3]  between  the  electrons  is  modelled  with  the 
multisubband  dynamic  dielectric  function  derived  in 
the  random  phase  approximation  (RPA).  The  system 
we  will  consider  is  a  nonequilibrium  electron  distri¬ 
bution  in  a  GaAs/AlvGai_,vAs  quantum  well  with 
two  subbands,  and  intersubband  energy  separation 
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excited  fraction  =  0.7 


Hg  =  1.5  X  cm'^ 


Fig.  I.  Evolution  of  noncquilibrium  electron  distributions  driven 
by  electron-electron  scattering.  The  initial  excited  canicr  fraction 
is  0.7.  /;e  =  1.5  X  10“'  cnT  ".  L,y  =  307  A. 

AE:!  <£^1.0-  We  assume  that  the  well  has  infinite 
barriers,  and  that  the  electrons  obey  a  parabolic  en¬ 
ergy  dispersion. 

We  consider  first  a  distribution  with  a  carrier  density 
tL=  1.5  X  lO"  cm“~,  in  a  well  of  width  A,  —  307  A 
(A£'2!  ^  18  mcV).  To  generate  the  initial  nonequi¬ 
librium  distributions  we  promote  a  fraction  of  the 
equilibrium  distribution  in  the  lower  subband  into 
the  upper  subband  to  simulate  intersubband  excitation 
by  an  optical  pulse.  The  temperature  of  the  equilib¬ 
rium  distribution  before  the  excitation  is  a  measure 
of  the  width  of  the  noncquilibrium  distribution. 

Fig.  1  shows  the  evolution  of  a  highly  nonequi¬ 
librium  distribution  in  which  70%  of  the  carriers  are 
excited  into  the  upper  subband.  The  lattice  tempera¬ 
ture  Tl  is  10  K,  Within  each  subband  the  distributions 
reach  a  quasi-equilibrium  in  around  2  ps.  The  overall 
thermal isati on  to  a  single  Fermi  distribution  occurs  on 
a  longer  time  scale,  >6  ps. 

The  relaxation  time  d/?2.A/d/  of  the  population  W2.a 
in  each  /r-statc  in  the  upper  subband  is  a  function  of 
the  energy  of  the  state.  Hence,  there  is  no  single  de¬ 
cay  time  for  the  transfer  of  electrons  from  each  state 
in  the  upper  subband  to  the  lower  subband.  However, 
a  measure  of  the  decay  time  for  the  total  population 
in  the  upper  subband  can  be  obtained  by  integrating 


t(ps) 


Fig.  2.  Intersubband  population  relaxation  times  for  the  electron 
distributions  shown  in  Fig.  1. 

all  the  rates,  d/72.A/d^  over  the  Ar-states  in  this  sub¬ 
band,  and  we  can  define  the  intersubband  population 
relaxation  time  I/tt  =  d/?2,A7d0/w2(0^  where  «2 

is  the  carrier  density  in  the  upper  subband.  In  Fig.  2, 
we  plot  T2  for  the  system  shown  in  Fig.  1  as  the  dis¬ 
tributions  evolve.  Fig.  2  shows  that  T2  is  not  constant 
during  the  evolution,  but  increases  from  ^  3  ps  at  the 
beginning  of  the  evolution  to  over  10  ps  after  a  time 
of  6  ps.  Hence,  the  population  decay  time  is  nonexpo¬ 
nential  and  cannot  be  characterised  by  a  single  time. 

We  now  give  more  detailed  results  showing  initial 
intersubband  population  relaxation  times  as  a 
function  of  carrier  density.  This  would  be  an  appro¬ 
priate  measure  of  the  relaxation  time  for  a  nonequi¬ 
librium  distribution  that  is  maintained  in  a  steady 
state,  for  instance,  by  continual  pumping.  Fig.  3(a) 
shows  plotted  against  for  71  =  10  K,  and 
with  different  fractions  of  excited  carriers  in  the  upper 
subband.  The  results  show  that  the  relaxation  time 
decreases  with  inereasing  numbers  of  carriers  in  the 
upper  subband.  This  is  because  the  number  of  scat¬ 
tering  partners  in  the  upper  subband  increases  at  high 
excitation,  and  the  number  of  empty  states  in  the 
lower  subband  also  increases,  which  allows  scatter¬ 
ing  into  this  subband  to  occur  more  easily.  Looking 
at  the  density  dependence,  we  see  that  intersubband 
relaxation  due  to  electron-electron  scattering  is  slow¬ 
est  at  low  densities  (lO'^  cm"^)  with  times  ranging 
from  >50  ps  to  >100  ps.  The  times  decrease  with 
increasing  density  because  increasing  the  number 
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Fig.  3.  Intersubband  population  relaxation  times  versus 
for  different  excited  carrier  fractions  in  the  upper  subband  (a) 
7l  =  10  K.  Electron-electron  scattering  only,  (b)  Tl  =  300  K. 
Electron-electron  and  electron-LO-phonon  scattering. 

of  carriers  increases  the  scattering  probability.  The 
relaxation  times  reach  a  minimum  of  a  few  picosec¬ 
onds  to  <  ^  1  ps  at  around  cm“^.  At  higher 
densities,  the  intersubband  relaxation  times  start  to 
increase  again.  This  is  seen  first  for  the  case  with 
lowest  excitation  «2/«e  =  0.3.  This  increase  is  due  to 
state-filling  in  the  lowest  subband,  which  prevents 
electrons  from  scattering  down  into  this  subband  [4]. 

In  a  real  device  operating  at  room  temperature,  the 
electron  distributions  are  more  widely  spread  in  en¬ 
ergy.  In  this  case,  there  are  electrons  with  sufficiently 
high  energy  in  the  subbands  to  emit  LO-phonons. 
In  Fig.  3(b),  we  compare  the  electron-electron  and 
electron-LO-phonon  intersubband  relaxation  times  at 
300  K.  Again,  the  relaxation  times  due  to  electron- 
electron  scattering  decrease  from  tens  of  picoseconds 
at  10*^  cm“^  to  around  1  ps  at  10^^  cm~^.  The  re¬ 
laxation  times  due  to  electron-LO-phonon  scattering 
are  subpicoseeond  and  almost  constant  with  density. 
Thus,  at  300  K,  electron-LO-phonon  scattering  domi¬ 
nates  at  most  densities,  and  the  net  relaxation  times  are 
governed  by  this  process.  When  the  electron-electron 
scattering  rates  are  a  maximum  at  around  10’^  cm"^, 


Fig.  4.  Intersubband  population  relaxation  times  versus  «e 
due  to  electron-electron  scattering  calculated  with  and  without 
screening.  A  =  10  K. 


the  relaxation  times  due  to  both  scattering  processes 
are  similar,  and  in  this  ease  both  processes  must  be 
considered  simultaneously. 

Finally,  we  discuss  the  screening  of  the  interac¬ 
tions  which  result  in  intersubband  transitions,  and  gov¬ 
ern  the  intersubband  population  relaxation  times.  It 
is  known  that  screening  for  these  interactions  is  rela¬ 
tively  unimportant  [2,5],  in  comparison  with  the  case 
of  intrasubband  transitions.  This  is  due  to  the  be¬ 
haviour  of  the  form  factor  describing  the  overlap  of  the 
electron  envelope  functions  which  cancels  the  1  jq  di- 
vergenee  of  the  Coulomb  potential  when  ^  ^  0.  Thus, 
even  in  the  absence  of  screening  these  interactions 
which  lead  to  intersubband  transitions  are  short-range 
in  nature,  and  screening  has  a  lesser  effect  on  such  a 
potential. 

In  Fig.  4,  we  show  again  the  relaxation  times  cal¬ 
culated  with  screening  that  were  shown  in  Fig.  3(a). 
We  also  show  in  Fig.  4,  relaxation  times  caleulated 
without  any  screening.  At  lower  densities,  the  relax¬ 
ation  times  caleulated  with  and  without  screening  are 
almost  identical.  However,  as  the  density  increases 
above  5  x  10^'  cm“^,  the  relaxation  times  from  the 
two  calculations  start  to  diverge,  as  the  screening  be¬ 
comes  more  important  at  higher  densities. 

We  point  out  here  an  interesting  effect  which  is 
seen  most  clearly  in  the  results  at  10*^  cm“^.  Looking 
at  the  low-excitation  case,  niln^  —  0.3,  we  find  that 
the  relaxation  time  caleulated  with  screening  is  longer 
than  in  the  unscreened  ease,  i.e.,  the  screening  has 
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reduced  the  strength  of  the  interaction.  Considering 
the  high-excitation  case  with  a  population  inversion, 
«2//?e  =  0.7,  we  find  the  opposite  effect.  The  screening 
has  reduced  the  relaxation  time  in  comparison  with 
the  unscreened  case,  implying  that  the  screening  has 
increased  the  interaction  strength. 

To  understand  these  results,  we  look  at  the 
screened  interaction  for  the  intersubband  transitions 
[2],  V\2\2{q)Kq->0)X  where  Vn\i(q)  is 

the  unscreened  interaction  and  the  subscripts  label 
the  subbands  of  the  initial  and  final  states  occu¬ 
pied  by  the  two  scattering  electrons  before  and  after 
the  scattering  process.  The  dynamic  dielectric  func¬ 
tion  in  the  random  phase  approximation  is  given  by 
1  -  Vn\i{q)[nn{q,o))  +  n2x{q,(D)]v7\itxQ 
the  polarisation  function 


/7i2(^,co)  =  2  5] 
A 


n\,k+q  -  «2,A' 


^2,  A 


i(5 


In  the  static,  long-wavelength  limit  [2] 

e^(wi  -  njWnniq) 
£vA£'2i  q' 


a(q  ^  0,oj —  0)  =  \  + 


(1) 


(2) 


where  n\  and  n2  are  the  carrier  densities  in  the 
lower  and  upper  subbands,  respectively.  Hence, 
£(^  ^  0,co  =  0)  can  be  greater  than  or  less  than  one 
depending  on  the  relative  populations  of  the  two 
subbands,  resulting  in  a  screened  interaction  that  is 
less  than  or  greater  than  the  unscreened  interaction. 
For  the  case  of  a  population  inversion,  ri]  <  and 
the  interaction  is  enhanced  resulting  in  the  reduced 
relaxation  time  seen  in  Fig.  4  for  the  high-excitation 
case  «2A^c  =  at  10*^  cm“^.  We  note  that  the 
static,  long-wavelength  approximation  given  in 
Eq.  (2)  is  not  a  realistic  approximation  for  inter¬ 


subband  transitions  [2].  However,  the  dependence  of 
the  screeningon  the  difference  in  the  distributions  in 
the  two  subbands  is  seen  also  in  Eq.  (1)  at  finite  q 
and  CO. 

In  conclusion,  we  have  studied  the  evolution  of 
nonequilibrium  electron  distributions  in  wide  semi¬ 
conductor  quantum  wells.  The  evolution  is,  in  gen¬ 
eral,  driven  by  electron-electron  scattering  processes, 
and  if  the  electrons  are  sufficiently  high  in  energy 
in  the  subbands,  by  electron-LO-phonon  scattering 
processes.  In  general,  when  the  electron-LO-phonon 
scattering  process  can  occur,  for  instance,  at  300  K, 
it  will  dominate  the  intersubband  relaxation  even  in 
wide  wells.  We  find  also  that  screening  for  intersub - 
band  transitions  is  unimportant  at  low  densities,  but 
at  higher  densities  it  may  enhance  or  suppress  the  in¬ 
teraction,  increasing  or  decreasing  intersubband  relax¬ 
ation  times,  depending  on  the  relative  populations  in 
the  subbands. 
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Abstract 

In  the  present  work,  we  theoretically  investigate  the  energy  relaxation  of  electrons  due  to  acoustic  and  optical  phonon 
scattering  in  quantum-dot  systems  embedded  in  a  Si  metal-oxide-semiconductor  structure  with  (100)  surface  orientation. 
The  confinement  potential  normal  to  the  Si/SiOi  interface  is  modeled  by  an  infinite  triangular  quantum  well.  For  the  spatial 
confinement  in  the  lateral  directions  due  to  depletion  gates  we  assume  a  parabolic  potential.  The  calculated  transition  rates 
for  electron  scattering  between  discrete  energy  levels  in  the  dot  are  included  in  a  simple  transport  model  using  Monte  Carlo 
techniques  to  simulate  the  relaxation  of  electrons  from  higher  levels  back  to  the  ground  level.  We  find  that  the  electron 
decay  shows  a  non-exponential  behavior.  The  simulated  relaxation  time  strongly  depends  on  the  confinement  in  the  lateral 
directions  and  may  vary  by  several  orders  of  magnitude.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Silicon;  Quantum  dots;  Phonon  scattering;  Monte  Carlo  method 


1.  Introduction 

The  decay  of  carriers  in  fully  quantized  semicon¬ 
ductor  systems  from  excited  states  to  the  ground  state 
is  of  critical  importance  for  potential  applications  in 
opto-electronic  devices  such  as  infrared  lasers  and 
photodetectors.  Over  the  past  few  years,  energy  re¬ 
laxation  of  electrons  in  quantum-dot  (QD)  structures 
by  means  of  acoustic  and  optical  phonon  scattering 
has  been  the  subject  of  extensive  experimental  and 
theoretical  studies.  However,  most  of  the  work  so 
far  has  been  devoted  to  QDs  in  GaAs  [1-3].  Rela- 
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tively  little  has  been  reported  concerning  QDs  in  Si 
[4].  The  recent  increased  interest  in  QD  structures 
based  on  the  Si  metal-oxide-semiconductor  (MOS) 
technology  requires  more  thorough  understanding  of 
zero-dimensional  transport  mechanisms  to  interpret 
non-equilibrium  measurements  currently  pursued  by 
various  research  groups. 

In  Si,  electron-phonon  scattering  is  more  compli- 
eated  than  in  GaAs  because  of  its  multi-valley  band 
structure  and  ellipsoidal  energy  surfaces.  In  the  present 
work,  we  generalize  the  theoretical  framework  for  the 
description  of  electron-phonon  scattering  in  Si-based 
QDs  to  account  for  these  speeial  features  not  present 
in  GaAs-based  structures.  The  scattering  rates  are  then 
implemented  in  a  simple  transport  model  utilizing  a 
Monte  Carlo  approach  to  simulate  the  relaxation  of  a 
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single  electron  injected  into  the  QD  back  to  the  ground 
state. 


2.  Simulated  structure  and  theoretical  model 

The  QD  device  considered  in  this  paper  was  fab¬ 
ricated  recently  [5]  and  consists  of  a  MOS  capacitor 
with  n-type  inversion  layer  on  a  (100)  surface  of 
p-type  Si.  The  strong  surface  electric  field  created 
by  the  top  inversion  gate  quantizes  the  motion  of 
electrons  nonnal  to  the  Si/Si02  interface.  Additional 
confinement  in  the  lateral  directions  is  achieved 
with  depletion  gates  in  close  proximity  to  the  in¬ 
terface.  Consequently,  the  electrons  are  confined 
to  a  VC17  small  region  (typically  on  the  order  of 
200  X  200  nm^)  between  the  depletion  gates  leading 
to  the  formation  of  a  QD  with  a  completely  discrete 
energy  spectmm. 

We  model  the  spatial  confinement  of  electrons  in 
the  direction  normal  to  the  Si/Si02  interface,  taken 
as  the  z-axis,  by  an  infinite  triangular  quantum  well. 
The  triangular  potential  approximation  is  a  reason¬ 
able  approximation  when  the  inversion  charge  is 
small  compared  with  the  depletion  charge  [6].  As  in 
AlGaAs/GaAs  heterojunctions,  the  quantization  of 
the  electronic  motion  can  be  controlled  by  varying 
the  voltage  applied  to  the  top  electrode.  Based  on 
self-consistent  calculations  of  gated  QD  structures 
[7],  a  parabolic  form  of  the  potential  is  assumed  for 
the  lateral  confinement, 

Ku„  =  i/TvJc"  +  iAT,/,  (1) 

where  ATy  and  Ky  characterize  the  strength  of  this  con¬ 
finement.  For  a  (1  0  0)  surface  orientation,  the  motion 
of  electrons  normal  to  the  interface  is  decoupled  from 
the  lateral  motion  and  the  envelope  wave  functions 
described  within  the  elfcetive  mass  approximation  are 
products  of  Airy  functions  and  hanuonic  oscillator 
functions.  The  electronic  spectrum  of  the  QD  may  be 
labeled  by  a  triple  of  integers  («  v,  w ,  .  )•  Px  and  /? ,.  de¬ 

note  harmonic  oscillator  states  with  energies  fio)_y  and 
ticOy.  n-  refers  to  the  bound  states  in  the  z-direction.  In 
contrast  to  GaAs,  the  six-fold  ellipsoidal  valley  struc¬ 
ture  of  Si  gives  rise  to  two  sets  of  bound  states  in 
the  (100)  direction,  and  associated  with  the 
two-fold  degenerate  set  of  valleys  projecting  with  the 


longitudinal  mass  along  the  (10  0)  axis  («.),  and  the 
four-fold  set  projecting  towards  the  (100)  direction 
with  the  transverse  mass  (w').  The  lowest  lying  states 
correspond  to  the  unprimed  states  associated  with  the 
two-fold  degenerate  valleys  projecting  onto  the  ( 1  0  0) 
surface  with  the  heavier  longitudinal  mass. 

The  interaction  of  electrons  in  the  dot  with  bulk-like 
acoustic  and  optical  phonons  is  treated  within  the  de¬ 
formation  potential  theory.  For  intravalley  transitions, 
the  angular  dependence  of  the  deformation  potentials 
is  included  in  the  calculation  [8],  whereas  for  interval¬ 
ley  transitions  we  assume  constant  deformation  poten¬ 
tials  taken  from  Ref  [9].  The  phonon  frequencies  are 
calculated  from  an  adiabatic  bond  charge  model  [10]. 
We  use  Fermi’s  golden  rule  to  compute  the  electron- 
phonon  scattering  rates  between  energy  levels  in 
the  QD. 

3.  Results  and  discussion 

Fig.  1  shows  the  transition  rate  for  electrons 
scattering  from  upper  to  lower  levels  versus  lat¬ 
eral  confinement  energy  in  the  ground  subband 
(«_  =  0)  of  the  unprimed  ladder  of  electric  subbands 
(w7-  =  =  my  —  m±).  m||  and  m±  are  the  ef¬ 

fective  electron  masses  parallel  and  perpendicular  to 
the  major  principal  axis  of  the  ellipsoidal  valley  in 
Si.  The  rate  is  plotted  assuming  isotropic  lateral  con¬ 
finement  (Kx  =  Ky).  The  calculations  are  performed 
for  an  effective  electric  field  in  the  inversion  layer 
eF  —  \0  meV/nm  at  a  lattice  temperature  T  =  0  K. 
As  can  be  seen  from  this  figure,  interlevel  scattering 
of  electrons  is  dominated  to  first  order  by  acoustic 
phonons  including  contributions  from  both  longitudi¬ 
nal  (LA)  and  transverse  (TA)  modes.  For  the  acoustic 
modes,  the  characteristic  peak  occurring  between  5 
and  6  meV  is  due  to  the  tradeoff  between  the  inverse 
q  dependence  of  the  matrix  element  (where  q  is  the 
effective  momentum  associated  with  the  difference 
in  energy  between  initial  and  final  state)  which  de¬ 
creases  with  increasing  interlevel  spacing,  and  the 
overlap  integral  of  the  initial  and  final  state  which 
vanishes  as  the  interlevel  spacing  approaches  zero.  In¬ 
tervalley  scattering  due  to  longitudinal  optical  (g-LO) 
phonons  is  relatively  weak.  Because  of  the  almost  flat 
LO-phonon  dispersion,  this  process  only  occurs  in  a 
very  narrow  range  of  confinement  energies. 
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Fig.  1 .  Transition  rate  for  electron  scattering  from  upper  to  lower 
levels  as  a  function  of  lateral  confinement  energy  in  the  ground 
subband  of  the  lowest  lying  valley. 


To  simulate  interlevel  relaxation  of  electrons  due 
to  phonon  scattering  in  a  Si  QD,  the  calculated  tran¬ 
sition  rates  are  included  in  a  simple  transport  model 
employing  Monte  Carlo  techniques.  In  this  model,  a 
single  electron  is  placed  in  an  excited  QD  level  at  the 
start  of  the  simulation.  The  electron  then  relaxes  back 
to  the  ground  level  via  lower  lying  levels  by  means 
of  phonon  scattering  events.  The  scattering  events  are 
generated  stochastically  based  upon  the  quantum  me¬ 
chanical  transition  probability  for  each  mechanism. 
Fig.  2  shows  the  time  evolution  of  the  electron  en¬ 
ergy  measured  relative  to  the  ground  level  for  various 
initial  electron  energies  in  the  case  of  strong  lateral 
confinement  (ftcoy  =  hojy  =  2  meV).  The  results  are 
averaged  over  15  000  QDs  and  over  all  degenerate 
initial  levels.  The  respective  relaxation  times  vary 
between  50  and  100  ps,  consistent  with  the  transi¬ 
tion  rates  given  in  Fig.  1.  Fig.  3  shows  the  average 
electron  energy  versus  time  for  weak  lateral  confine¬ 
ment  (^cOv  =  fia)y  =  0A  meV)  on  a  semi-logarithmic 
scale.  The  interlevel  decay  of  electrons  is  clearly 
non-exponential.  The  relaxation  dynamics  signifi- 


Time  (ns) 

Fig.  2.  Average  electron  energy  versus  time  for  strong  lateral 
confinement  (linear  plot). 


Fig.  3.  Average  electron  energy  versus  time  for  weak  lat¬ 
eral  confinement  (semi-logarithmic  plot).  The  electron  decay  is 
non-exponential. 

cantly  slows  down  as  the  electron  decays  towards  the 
ground  state.  This  slowdown  is  due  to  the  reduced 
interlevel  spacing,  which  suppresses  the  electron- 
phonon  scattering  rate.  The  simulated  time  constants 
become  longer  and  are  on  the  order  of  nanoseconds. 

Fig.  4  illustrates  the  effect  of  non-zero  temperature 
on  the  relaxation  rate  for  the  2  meV  confinement  en¬ 
ergy  case  of  Fig.  2.  Increasing  temperature  results  in 
an  increase  of  both  phonon  absorption  and  emission 
in  the  relaxation  process,  which  results  in  non-zero 
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Fig.  4.  Average  electron  energy  versus  time  for  the  same  param¬ 
eters  as  Fig.  2,  but  for  different  lattice  tempera ture.s. 
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energy  (relative  to  the  ground  level)  after  long  times 
characteristic  of  the  thermal  energy,  k^T,  due  to  the 
balance  of  absorption  and  emission  events  in  the  dot. 
This  equilibrium  state  in  the  dot  may  be  character¬ 
ized  by  a  distribution  function  shown  in  Fig.  5  for 
two  different  temperatures.  There  it  is  apparent  that  a 
Boltzmann-like  distribution  is  established  for  the  oc¬ 
cupancy  of  the  different  levels,  which  decreases  expo¬ 
nentially  with  increasing  level  energy. 
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Abstract 

Using  picosecond  visible-pump  mid-infrared-probe  technique,  we  directly  measured  the  photoexcited  electron  dynamics 
in  the  first  conduction  subband  of  a  GaAs/AlGaAs  quantum  well  laser,  below  and  above  its  threshold.  Our  results  clearly 
show  that  even  at  low  temperatures,  under  optical  excitation  into  the  lowest  heavy  hole  exciton  resonance,  GaAs/GaAlAs 
quantum  well  lasers  lase  in  accordance  with  the  common  two-plasma  model  and  not  from  an  excitonic  phase.  ©  2000 
Elsevier  Science  B.V.  All  rights  reserved. 
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The  dynamics  of  charge  carriers  and  photons  in 
operating  semiconductor  lasing  devices  has  been 
studied  and  investigated  very  intensively  during  the 
last  few  decades  [1-4].  It  is  commonly  accepted  that 
in  bulk  and  hetero- structured  semiconductor  lasers, 
stimulated  emission  and  gain  is  achieved  by  the  cre¬ 
ation  of  electron  and  hole  plasmas  which  the  energy 
separation  between  their  quasi  Fermi  levels  is  larger 
than  the  semiconductor  fundamental  band  gap  [5].  A 
characteristic  signature  of  this  behavior  is  the  spectral 
shift  towards  lower  energy  of  the  stimulated  emission 
relative  to  the  spontaneous  one.  In  some  special  cases, 
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however,  different  behavior  was  noticed  [6].  Under 
these  circumstances,  where  no  such  spectral  shift  was 
observed,  other  lasing  mechanisms  were  invoked. 
Mechanisms  such  as  stimulated  emission  through 
annihilation  of  localized  excitons  [6-8],  exciton- 
exciton  interaction,  biexciton  decay  [9,10]  exciton- 
optical-phonon  interaction  [11],  or  even  exciton  con¬ 
densation  [12,13],  have  been  suggested,  and  their 
relevance  and  agreement  with  the  experimental  ob¬ 
servations  were  discussed. 

To  date,  all  the  experimental  studies  of  these  sys¬ 
tems  were  based  on  optical  transitions  across  the  fun¬ 
damental  band  gap  of  the  lasing  device  [1-4,14].  In 
this  work  we  use,  for  the  first  time,  optical-picosecond 
pulses  to  pump  the  laser,  together  with  a  synchronous 
infrared  (IR)  pulse,  selectively  tuned  into  the  quantum 
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Structure  intersubband  optical  transition  resonance,  to 
directly  probe  the  dynamics  of  the  electronic  plasma. 
In  our  experiments,  the  intersubband  probe  does  not 
create  an  electron-hole  pair  but  rather  induces  an 
optical  transition  of  only  one  type  of  photocxcited 
carrier  (an  electron  in  our  case).  Therefore,  the  probe 
pulse  is  not  subjected  to  the  exclusion  principle  and 
is  extremely  sensitive  to  the  momentum  state  of  the 
carrier  whose  optical  transition  is  being  induced. 
Thus,  a  direct  measurement  of  the  population  of  car¬ 
riers  in  various  momentum  states  within  the  first,  las¬ 
ing  electronic  subband  is  obtained  [15].  In  addition, 
the  technique  has  the  advantage  of  totally  different 
spectral  ranges  for  the  pump  and  the  probe  beams. 
This  enables  a  background-free  measurements  even 
at  resonance,  near  band-gap  pumping. 

We  study  a  molecular-beam  epitaxy-grown 
GaAs/AlGaAs  heterostructure  laser  with  a  periodic 
quantum  structure  embedded  in  its  active  region. 
The  sample  contains  25  periods  of  60  A  thick  GaAs 
well  followed  by  120  A  thick  Alo.33Gao.67 As  bamer. 
Two  1  pm  thick  Alo.sGao.sAs  layers,  on  each  side  of 
the  periodic  structure  separately,  confined  the  opti¬ 
cal  mode  (see  inset  to  Fig.  1 ).  We  calculate  that  at 
the  lasing  wavelength  (768  nm),  96%  of  the  electro¬ 
magnetic  energy  is  confined  within  the  active  region. 
Fig.  1  describes  schematically  the  sample.  The  edges 
of  the  sample  were  cleaved  and  then  polished  at  45° 
to  the  growth  axis  in  order  to  form  a  waveguide  for 
the  IR  radiation  and  to  enable  a  considerable  electric 
field  component  along  the  growth  axis.  The  substrate 
was  then  thinned  down  and  laser  bars  with  0.6  mm 
long  optical  cavities  were  cleaved.  We  used  a  cylin¬ 
drical  lens  to  focus  the  pump  pulse  on  the  laser  bars 
and  monitored  the  temporally  integrated  emission 
along  the  cavity  direction  using  a  monochromator  fol¬ 
lowed  by  an  array  of  detectors.  At  the  same  time,  the 
intersubband  photo-induced  absorption  (PI A)  could 
be  determined  from  the  measured  transmission  of  the 
IR  probe  pulse  through  the  waveguide.  By  changing 
the  pump-probe  delay  time,  the  temporal  evolution 
of  the  photoexcited  earners  following  the  excitation 
pulse  was  monitored  [16].  The  temporal  and  spectral 
resolution  of  the  experimental  setup  were  4  ps  and 
0.8  meV,  respectively. 

When  the  focusing  lens  was  oriented  perpendicu¬ 
larly  to  the  optical  cavity  there  was  no  lasing  and  the 
integrated  emission  intensity  was  almost  linear  with 


Growlh  direction  Al  composition 

Al,jGa^,As  AI,,Cia,,As 

1  pni  1  pm 


I 

25  X  GaAs/AI,  nm 


Fig.  1.  Schematic  description  of  the  experimental  arrangement. 
The  pump  pulse  induces  lasing  along  the  cavity  direction,  while 
at  the  same  time  the  intersubband  absorption  is  measured  with  an 
IR  probe  pulse.  The  inset  shows  the  layers  structure. 


pump  intensity.  For  a  lens  orientation  along  the  optical 
cavity  the  spectrum  evolved  with  the  increase  of  the 
excitation  density  such  that  above  a  certain  threshold, 
a  low-energy  spectral  line  appeared  and  lasing  action 
was  established.  In  this  case  the  emission  intensity 
grew  vary  rapidly  with  the  excitation  density  above 
threshold.  We  estimated  a  typical  threshold  density  of 
4.5  X  10*'  cm“^  for  our  laser  bars.  The  lasing  emis¬ 
sion  energy  at  10  K  was  1 5  meV  below  the  heavy-hole 
excitonic  resonance  (HHl),  and  10  meV  below  the 
spectral  peak  of  the  spontaneous  emission. 

In  Fig.  2  we  show  the  intersubband  PI  A  spec¬ 
trum  (bottom),  and  its  excitation  spectrum  (top), 
where  the  two  lowest  excitonic  resonances  HHl, 
LHl  are  clearly  resolved.  We  follow  the  dynam¬ 
ics  of  the  electronic  population  in  the  El  level,  by 
measuring  the  PIA  transients  at  various  IR  wave¬ 
lengths  within  the  E1-E2  transition  resonance.  The 
measured  transients  are  then  summed  over  the  whole 
spectral  range  of  this  resonance  (8  meV).  We  pump 
the  sample  at  the  energy  of  the  lowest  excitonic 
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Interband  excitation  energy  (eV) 


Fig.  2.  (bottom)  CW  measured  intersubband  PIA  spectrum  of  the 
laser  sample;  (top)  excitation  spectrum  of  the  intersubband  PIA 
measured  60  ps  after  the  excitation  pulse. 


resonance,  HHl.  In  Fig.  3  we  display  the  spectrally 
integrated  intersubband  absorption  as  a  function  of 
time  for  three  different  pump  intensities.  The  left 
panel  shows  the  temporal  evolution  under  non-lasing 
conditions.  The  integrated  absorption,  which  is  pro¬ 
portional  to  the  electron  density  in  El,  decays  expo¬ 
nentially  with  a  characteristic  lifetime  of  =  300  ps, 
which  is  almost  excitation  density  independent.  The 
inset  (Fig.  3,  left  panel)  displays  the  temporally 
and  spectrally  integrated  intersubband  absorption  as 
a  function  of  pump  density  for  this  case.  We  note 
that  the  average  population  of  El  grows  sub-linearly 
with  pump  intensity  due  to  the  bleaching  of  the 
excitonic  resonance  at  these  high  excitation  den¬ 
sities  [17].  The  mid  panel  of  Fig.  3  displays  the 
temporal  evolution  of  the  PIA  when  the  orien¬ 
tation  of  the  cylindrical  lens  was  along  the  op¬ 
tical  cavity  and  efficient  feedback  was  therefore 
set  in.  Above  threshold  (10  mW),  lasing  action 
was  clearly  observed.  Below  threshold  (3  mW), 
the  behavior  is  identical  to  that  of  the  previ- 
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Fig.  3.  Spectrally  integrated  intersubband  PIA  as  a  function  of 
time  for  the  “laser”  sample  at  three  pump  densities;  (left  (mid) 
panel)  sample  in  non-lasing  (lasing)  pumping  configuration;  (left 
(mid)  inset)  temporally  and  spectrally  integrated  PIA  intensity  as 
a  function  of  pump  intensity  for  non-lasing  (lasing)  pumping  con¬ 
figuration  into  the  HHl  resonance  at  10  K;  (right  panel)  calculated 
electron  density  Ifom  a  rate  equations  model. 


ous  case.  At  and  above  threshold,  however,  the 
situation  is  markedly  different.  In  these  cases  the 
stimulated  emission  significantly  limits  the  density 
of  electrons  within  the  lasing  cavity  and  as  a  result 
the  PIA  signal  ceases  to  increase  with  the  excitation 
density.  The  maximum  of  the  PIA  remains  merely 
the  same,  even  when  the  excitation  density  is  in¬ 
creased  by  a  factor  of  3.  After  reaching  its  maximum, 
the  absorption  rapidly  drops  below  a  certain  level, 
from  where  it  continues  to  decay  in  a  similar  way  to 
the  non-lasing  cases.  The  inset  to  the  mid  panel  of 
Fig.  3  shows  the  temporally  and  spectrally  integrated 
intersubband  absorption  as  a  function  of  pump  density 
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for  this  case.  We  clearly  note  that  above  threshold  the 
electronic  density  is  saturated.  This  saturation  is  very 
similar  in  nature  to  the  well-known  above-threshold 
clamping  of  the  quasi-Fermi  level  in  steady-state 
operation  of  semiconductor  lasers  [14]. 

Our  results  can  be  interpreted  in  the  following  way. 
Right  after  the  above-threshold  pump  pulse  (=  10  ps) 
lasing  action  begins  and  the  El  level  is  forced  to  de¬ 
populate  at  veiy  short  times  due  to  the  presence  of  im¬ 
mense  number  of  cavity  photons  during  the  lasing  ac¬ 
tion.  After  the  electron  density  drops  below  the  lasing 
threshold  (at  =60  ps),  the  depopulation  of  El  is  still 
rapid  due  to  stimulated  emission  during  the  interme¬ 
diate  regime.  After  the  electron  density  drops  further 
(=  150  ps),  spontaneous  emission  remains  the  only 
decay  mechanism  of  the  electronic  population  and  the 
PIA  decays  similarly  to  the  non-lasing  cases. 

In  order  to  quantitatively  account  for  these  results, 
wc  numerically  solved  three-coupled  rate  equations 
for  the  electrons,  holes  and  photons  within  our  op¬ 
tical  cavity.  The  temporal  behavior  of  the  electronic 
population  for  various  initial  pulse  densities  are  dis¬ 
played  in  the  right  panel  of  Fig.  3.  We  note  that  our 
simple  two-plasma  rate  equations  model  explains  at 
least  semi-quantitativcly  our  experimental  measure¬ 
ments.  With  our  limited  temporal  resolution  we  can¬ 
not  resolve  experimentally  the  initial  very  rapid  spike 
(=2  ps)  that  is  clearly  seen  in  the  calculated  electron 
density  above  threshold.  However,  the  clamping  of 
the  electron  density  above  threshold  to  its  threshold 
value  is  very  clear  both  in  the  experiment  and  in  the 
calculation  (Fig.  3,  right  panel  inset).  We  find  that 
the  calculated  pump  densities  that  arc  best  fitted  to 
the  measurements  arc  in  very  good  agreement  with 
our  estimated  experimental  pump  densities,  when  the 
exciton  bleaching  phenomenon  mentioned  above  is 
taken  into  consideration. 

These  measurements  and  calculations  demonstrate 
the  validity  and  usefulness  of  our  novel  experimental 
method  for  studying  the  dynamics  of  carriers  within  an 
operating  quantum-well-based  semiconductor  laser. 

Specifically,  our  results  clearly  show  that  even  at 
low  temperatures,  under  optical  excitation  into  the 


lowest  HH  exciton  resonance,  conventional  GaAs/ 
GaAlAs  quantum  well  lasers  lase  in  accordance  with 
the  common  two  plasmas  model  and  not  from  an 
excitonic  phase. 
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Abstract 

A  new  possibility  to  obtain  the  intersubband  population  inversion  under  current  injection  (or  optical  pumping)  of  the 
electi'ons  into  the  structure  with  GaAs/AlGaAs  quantum  wells  (QWs)  is  discussed.  The  QWs  are  embedded  into  the 
/-layer  of  a  p'^-Z-n^  heterostructure.  We  consider  QWs  of  funnel  shape  with  three  electron  levels  and  find  the  conditions 
to  realize  mid-infrared  (MIR)-stimulated  emission  due  to  intersubband  electron  transitions  under  simultaneous  stimulated 
emission  of  near-infrared  (NIR)  radiation  due  to  interband  transitions.  Experimental  data  on  spontaneous  MIR  emission  from 
InGaAs/GaAs  QWs  under  simultaneous  NIR  lasing  are  presented.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Near-infrared  lasing;  Stimulated  emission;  Current  injection;  Optical  pumping 


1.  Introduction 

MIR  semiconductor  lasers  {X  =  4-15  |im)  can  find 
extensive  applications  in  different  fields.  The  develop¬ 
ment  of  physics  and  technology  of  low-dimensional 
structures  opens  up  new  possibilities  in  the  devel¬ 
opment  of  MIR  lasers.  Many  attempts  have  been 
made  to  find  structures  with  quantum  wells  in 
which  an  intraband  population  inversion  between  the 
size-quantization  levels  in  a  quantum  well  can  be 
produced.  Studies  in  this  field  have  already  resulted 
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in  the  development  of  quantum  cascade  lasers  [1]  and 
fountain  lasers  with  optical  pumping  [2]. 

In  this  paper  we  consider  the  principles  of  produc¬ 
ing  intraband  population  inversion  in  QWs  under  cur¬ 
rent  injection  of  electrons  into  the  /-region  of  a  NIR 
laser  heterostructure.  Two  special  features  of  the  ap¬ 
pearance  of  the  intraband  population  inversion  can  be 
noted.  First,  a  long-lived  energy  level  (“metastable” 
level)  should  exist.  Second  feature  is  the  simultaneous 
stimulated  emission  in  the  NIR  range  due  to  interband 
optical  transitions  of  electrons  {hv  ^  E^).  We  calcu¬ 
late  the  intraband  population  inversion  rate  and  the 
optical  gain  in  MIR  range  for  specially  designed  het¬ 
erostructures  with  asymmetric  QWs  of  funnel  shape. 
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E3  =  231  meV 
E2  =  140  meV 
E^  =  37  meV 


Fig.  I .  The  configuration  of  a  QW  in  the  form  of  an  asymmetric 
funnel.  The  energy  levels  and  wave  functions  for  the  electron 
states  arc  shown. 

The  threshold  injeetion  eurrent  for  MIR  lasing  is  esti¬ 
mated.  Similar  caleulations  are  also  performed  for  the 
ease  of  interband  optieal  pumping  of  the  strueture. 

As  a  first  step  in  the  ereation  of  MIR  laser  of  new 
type  the  experimental  data  on  spontaneous  MIR  emis¬ 
sion  from  InGaAs/GaAs  QWs  under  simultaneous 
NIR  lasing  are  presented. 


2.  Intraband  population  inversion 

Let  us  consider  a  p^-/-n“^  GaAs/AlGaAs  NIR  laser 
structure  containing  a  QW  in  the  form  of  an  asymmet¬ 
ric  funnel  incorporated  into  its  /-layer  (Fig.  1).  The 
narrow  part  of  the  funnel  is  formed  by  a  GaAs  layer 
of  thickness  9  nm,  with  two  asymmetrically  aaanged 
Al().29Ga().7i  As  layers  of  total  thickness  23  nm  adja¬ 
cent  to  it.  To  the  left  and  right  of  the  QW  there  are 
two  Al().34Ga().6(sAs  layers  and  then  two  AlvGai_.vAs 
layers  of  variable  composition  with  x  varied  from  0.34 
to  0.9.  The  variable  composition  layers  form  a  com¬ 
posite  waveguide  in  /-layer  of  laser  structure  both  for 
NIR  and  MIR  radiation. 

According  to  calculations,  such  a  complex  QW 
has  three  size-quantization  evels  with  energies 
E\  =  37,  E2  =  140  and  £3  =  231  meV.  Note  that  the 
energy  spectrum  in  the  region  above  the  barrier  is 
quasi-discrete,  with  the  levels  separated  by  a  distance 
about  of  1  meV.  The  electrons  injected  into  the  /-layer 
occupy  the  quasi-discrete  levels  in  the  region  above 
the  barrier  and  then  they  are  trapped  at  the  £1 ,  £2  and 
£3  levels  of  QW  due  to  scattering  by  polar  optical 


(PO)  phonons  (scattering  by  acoustic  phonons  and 
interface  imperfections  can  be  neglected). 

Under  stationary  conditions,  the  electron  concentra¬ 
tions  at  dilferent  levels  can  be  found  from  the  system 
of  rate  equations,  taking  into  account  only  basic  pro¬ 
cesses: 

f/^^3  -  Ni -NiWn-  N3(x% )- '  =  0,  ( 1 ) 

^7^.42  +  Ni  W2i  -NiWn-  )“ '  =  0,  (2) 

Wn+N2  =  0, 

(3) 

where  J  is  injection  current  density;  coefficient  f] 
takes  into  account  a  decrease  in  the  number  of  carriers 
caused  by  recombination  outside  the  QW;  Ni  and  Aj 
are  the  surface  electron  concentration  and  probabil¬ 
ity  of  trapping  at  the  level  £,•;  Wji  is  the  probability 
of  intersubband  transitions,  is  the  lifetime  of  an 
electron  at  the  level  £,•  relative  to  the  radiative  recom¬ 
bination  during  spontaneous  interband  emission.  The 
last  term  in  Eq.  (3)  describes  the  depletion  of  level 
£]  due  to  stimulated  NIR  emission,  where  //jmir  is 
the  photon  density  and  £f  is  a  proportionality  coeffi¬ 
cient.  We  consider  the  case  of  low  temperatures  when 
k\^T A£,y,  (^cuo  is  the  PO  phonon  energy),  so 
we  neglect  intersubband  thermal  excitation  and  take 
into  account  the  intersubband  transitions  due  to  emis¬ 
sion  of  PO  phonons  only.  The  total  probability  of  the 
transition  from  the  state  £/(A:j_/)  to  the  subband  £/  is 

27T 

^  kj.j 


xS 


Ei  + 


Inio 


-Ej- 


-L./ 


Inic 


—  %COq 


(4) 


where  ky  is  the  electron  wave  vector  perpendicular  to 
the  axis  of  growth,  and  Cq  determines  the  electron- 
phonon  interaction  energy 

2  IneHmp  j.  ^  _L  _  1 

''  £*  «oo  «o’ 

q±  and  are  components  of  the  phonon  wave  vec¬ 
tor  perpendicular  and  parallel  to  the  growth  axis.  The 


LE.  Vorohjev  et  all Physica  E  7  (2000)  241-244 


243 


integral  Jjj  characterizes  the  overlap  of  the  electron 
wave  functions  for  levels  and  Ey. 

JMz)  =  j  (6) 

Calculations  yield  the  following  results  for  our  QW: 
Wn  =  3x  10^2  s-i.  ^23  =  2.6  x  10^'  s'*;  = 

8.4  X  10’^  s"^  -  0.02;  A2  =  0.03;  A3  =  0.95. 

Thus,  W]3,  W23  <  W^i2,and^i,  A2  <  ^3,  and  hence, 
the  E3  level  can  be  called  “metastable”.  In  addition, 
the  probability  Wu  of  intraband  transitions  exceeds 
the  probability  Wji  of  transitions  between  subbands: 
Wu  >  Wjj.  The  probability  of  the  radiative  interband 
recombination  is  relatively  small:  10^  s"^ 

Then  we  obtain  for  population  inversion  between  E3 
and  E2  levels: 

Ni-N2^  y  (7) 

e{W\3  +  W23) 

Let  us  express  N3  —  N2  in  the  terms  of  threshold 
current  for  NIR  lasing  which  usually  is  about 
200  A/cm^  in  similar  NIR  lasers.  Near  the  threshold 
we  obtain  from  Eqs.  (l)-(3):  ^ 

5.5  X  10^^  cm“^  and  N3  —  N2  =  1.7  x  10^  cm“^ 

(at  ?7  =  0.5).  For  /  >  the  photon  density  is 
'^NiR  ~  ”  1)^  assuming  approximately 

Bf  ^  N\  [3],  we  obtain  that  the  electron  concen¬ 
tration  on  the  level  E\  is  independent  of  current: 
Ai  ~  const  =  Aith.  For  these  conditions  the  pop¬ 
ulation  inversion  is  proportional  to  the  current: 
A3  —  A2  =  1-7  X  10^  cm“^y//jh‘^,  and  we  can  obtain 
a  large  optical  gain  for  MIR  radiation  under  transition 
E3  — ^  E2. 

Note  once  more  that  the  generation  of  NIR  radiation 
is  an  important  condition  for  obtaining  the  population 
inversion.  Stimulated  NIR  radiation  removes  electrons 
from  the  E\  level  and  thus  maintains  the  constant  con¬ 
centration  of  electrons  at  this  level  at  Oth¬ 
erwise  already  at  the  electron  concentration 

would  be  so  high  that  the  thermal  excitation  to  upper 
levels  would  reduce  the  population  inversion. 


3.  Amplification  of  MIR  radiation  and  lasing 

We  have  designed  the  heterostructure  with  10  QW 
layers  and  composite  waveguide  that  confines  both 
MIR  and  NIR  radiation  (Figs.  2  and  3).  MIR  radiation 
due  to  transitions  £"3  ^  (2  =  14  pm)  has  the  factor 


Fig.  2.  Design  of  the  composite  waveguide  that  confines  both  MIR 
and  NIR  radiation  in  the  laser  structure. 


Field  of  Laser  Radiation 


z,  pm 


Fig.  3.  Field  distribution  for  MIR  and  NIR  radiation  in  the  com¬ 
posite  waveguide. 


of  Optical  confinement  E  0.1.  At  resonator  length 
about  1.5  mm  the  lasing  condition  is  satisfied  with  the 
optical  gain  a32  =  68  cm“’ . 

In  accordance  with  Ref.  [4]  we  can  find  the  gain 
under  direct  optical  transitions  between  levels  E3  and 

Ey 


a32  = 


47ig^(A3  -  A2)cos^  e 

cn^L^r 


CO32 1^321' 


X 


_ y _ 

+  {%(D  —  flC032  y  ’ 


(8) 

where  Z32  =  /  dz  =  1.4  nm;  9  is  the  angle  be¬ 
tween  the  growth  direction  and  the  polarization  vec¬ 
tor  of  the  wave;  y  is  the  broadening  and  is  the 
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Fig.  4.  Intcn.sitics  of  spontaneous  intersubband  MIR  radiation  and 
stimulated  interband  NIR  radiation  from  the  NIR  laser  strueture 
under  current  injection. 

refraction  index.  According  to  calculations  the  value 
of  optical  gain  necessary  for  MIR  lasing  can  be  ob¬ 
tained  with  A3  —  A2  =  1.3  X  10*^  cm"^. 

Since  the  structure  contains  10  QWs  we  must 
multiply  the  right-hand  side  of  Eq.  (7)  to  the  factor 
0.1  and  then  we  can  calculate  the  threshold  current 
for  MIR  lasing:  =  L5  x  10^  A/cm\ 

In  the  ease  of  interband  optical  pumping  (hv  >  Eg) 
the  threshold  power  of  excitation  is  equal  = 

=  7  X  10'^  W/cm2. 

4.  Spontaneous  emission  of  MIR  radiation  from 
NIR  laser  QW  structures 

Experimental  studies  of  spontaneous  intersubband 
M  IR  emission  were  performed  in  NIR  injection  laser 
with  InooGao.sAs/GaAs  QWs  embedded  into  intrinsic 
layer  of  p'‘'-/-n+  diode  structure.  The  QWs  had  two 
electron  levels  with  energy  distance  between  them 
about  108  mcV.  The  laser  had  a  waveguide  only  for 
NIR  radiation  (A  0.9  pm).  To  detect  MIR  radiation 
we  used  Gc  :  Cu  and  Si  :  B  photoresistors.  InSb  and 
Ge  filters  were  used  to  cut-off  the  stimulated  NIR  radi¬ 
ation.  Using  a  set  of  optical  filters  with  different  trans¬ 
mission  spectra  (CaF2,BaF2.NaCl,  and  KBr)  we  have 
found  that  the  observed  MIR  radiation  lies  in  the  range 
9-20  pm.  The  experimental  results  are  presented 
in  Fig.  4.  The  dashed  line  demonstrates  stimulated 
NIR  emission,  the  solid  line  shows  spontaneous  MIR 


emission.  It  should  be  emphasized  that  MIR  emis¬ 
sion  has  no  saturation  at  the  currents  exceeding  the 
threshold  current  of  NIR  lasing  more  then  20  times. 
This  fact  means  that  electron  concentration  on  the 
level  E\  does  not  increase  and  electron-electron  colli¬ 
sions  do  not  influence  the  population  of  upper  levels. 
The  ground  subband  always  has  free  states  (they  are 
located  above  the  Fermi  quasi-level),  so  intersub¬ 
band  transitions  can  occur  at  any  current.  That  is 
why  spontaneous  MIR  emission  from  these  structures 
has  no  threshold.  Earlier  observed  spontaneous  MIR 
emission  from  InGaAs/AlGaAs  NIR  laser  structures 
with  quantum  dots  had  a  threshold  current  close  to 
the  threshold  of  NIR  lasing  [5]. 

5.  Conclusion 

Principles  of  producing  population  inversion  and 
generation  of  MIR  radiation  using  intersubband  tran¬ 
sitions  of  electrons  in  QWs  in  NIR  laser  structures  are 
suggested.  The  first  experimental  studies  of  sponta¬ 
neous  MIR  emission  are  performed  on  similar  struc¬ 
tures.  So,  the  first  step  in  the  development  of  MIR 
laser  of  new  type  with  current  or  optical  pumping  has 
been  done. 
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Abstract 

Electronic  Bragg  mirrors  were  used  to  confine  carriers  at  energy  levels  above  the  banier  height  in  asymmetric  coupled 
quantum  wells.  Two  classes  of  above  barrier  states  were  resolved  by  using  photoluminescence,  photoluminescence  excitation 
and  modulated  resonant  Raman  spectroscopy.  The  first  class  is  Bragg  confined  levels  that  are  highly  localized  in  the  asymmetric 
quantum  wells  region  and  are  red  shifted  when  locally  excited  electric  field  is  generated  in  the  asymmetric  coupled  quantum 
well  region.  The  second  class  of  levels  that  extend  mainly  above  the  reflectors  is  not  shifted  when  the  locally  excited  field 
is  generated.  This  phenomenon  is  due  to  the  smaller  confinement  of  the  extended  states  in  the  asymmetric  quantum  well 
region.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Bragg  states;  Intersubband  transitions;  Modulated  resonant  Raman  scattering 


The  presence  of  Bragg  reflectors  on  each  side  of 
a  quantum  well  (QW)  leads  to  a  confinement  of  the 
energy  levels  above  the  barrier  height.  Two  kinds  of 
states  exist:  the  first  group,  called  Bragg  states,  are 
highly  localized  in  the  QW  region  due  to  the  Fabri- 
Perot  effect  of  the  reflectors  while  the  second  group 
forms  mini-bands  in  the  continuum  that  mainly  extend 
over  the  reflectors.  Despite  several  reports  on  above 
the  barrier  states  in  Bragg  confined  structures  none  of 
these  works  provide  direct  evidence  to  the  existence 
of  two  different  classes  of  above  the  barrier  states. 


*  Corresponding  author.  Fax:  972-4-8235107. 
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In  a  previous  [1]  work  we  provided  experimental 
evidence  to  the  existences  of  quasi-continuum  and 
quasi-bound  states  in  an  asymmetric  coupled  QW 
(ACQW)  structure.  While  quasi-continuum  states  are 
localized  in  the  barrier  region,  quasi-bound  states 
can  be  viewed  as  resonances  of  the  QW  where  a 
significant  fraction  of  the  envelope  wave  function  is 
localized  in  the  ACQW  region.  Using  the  newly  de¬ 
veloped  method  of  locally  modulated  resonant  Raman 
spectroscopy  (MRRS)  we  were  able  to  resolve  each 
group  of  states. 

In  order  to  increase  the  confinement  of  the 
quasi-bound  states  and  thus  to  increase  the  over¬ 
lap  with  bound  states  we  replaced  the  barriers  with 
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Bragg  reflectors.  These  quarter  wavelength  stmetures 
strongly  reduce  the  envelope  wave-function  ampli¬ 
tude  outside  the  ACQW  and  generate  a  truly  bound 
state  in  the  continuum,  called  Bragg  levels  [2,3]. 
The  Bragg  reflectors  arc  composed  of  a  finite  super- 
lattice  (SL)  designed  so  that  the  barriers  (Ib)  and 
wells  (Tw)  widths  in  the  SL  section  equal  the  inte¬ 
ger  times  the  electron  De-Broglie  quarter-wavelength 
=  (/7  X  Aw,b)/4.  Furthermore,  the  Bragg  lev¬ 
els  also  obey  the  Bragg  criterion  where  the  ACQW 
width  equals  integer  times  the  electron  De-Broglie 
half-wavelength  [4-6]  Iacqw  =  x  >^-acq\v)/2. 

In  the  present  work  we  report  a  detailed  investiga¬ 
tion  of  the  confinement  of  these  Bragg  levels  in  the 
ACQW  region.  By  generating  a  localized  DC  electric 
field  in  the  ACQW  region  and  using  the  MRRS  tech¬ 
nique  we  were  able  to  resolve  two  classes  of  states. 
The  first  class  is  a  Bragg  state  confined  in  the  ACQW 
region  and  the  second  class  is  confined  in  the  reflec¬ 
tors  region. 

The  sample  consists  of  25  periods  of  a  Bragg 
confining  structure  (see  Fig.  1)  that  is  composed  of 
an  ACQW  grown  between  two  GaAs/Alo34Gao.66As 
Bragg  mirrors.  The  ACQW  is  composed  of  a  7  nm 
wide  GaAs  QW  (WQW),  a  15  nm  Alo.2Gao.8As  inter¬ 
mediate  barrier  and  a  5  nm  narrow  GaAs  QW  (NQW). 
Each  Bragg  mirror  is  a  4  period  SL  where  each  period 
consists  of  3  nm-GaAs  QW  and  9  nm-Alo.34Gao.66 As 
barrier.  The  sample  was  n-doped  to  the  level  of 
2  X  10"  cm~“  in  the  Bragg  confining  SL.  The  whole 
structure  was  capped  with  a  15  nm  GaAs  layer. 

The  energy  levels  and  the  envelope  wave  functions 
were  calculated  by  solving  self-consistcntly  the  Ben 
Danicl-Dukc  Poisson  equations  for  the  conduction 
and  the  valence  envelope  functions  [7,8]  and  are 
shown  schematically  in  Fig.  1.  The  structure  was  de¬ 
signed  so  that  the  two  lowest  conduction  states  Ei  and 
E2  arc  located  in  the  WQW  and  NQW,  respectively. 
The  third  conduction  subband,  E3,  extends  over  the  en¬ 
tire  ACQW  and  it’s  energy  is  1 15  meV  above  Ei .  Fig. 

1  also  shows  the  Bragg  confined  level  Eb  and  the  two 
extended  levels  Eexi  and  Ecx2  in  the  reflector  region. 
The  method  used  to  generate  the  local  electric  field  is 
also  shown  schematically  in  Fig.  1.  Carriers  located 
in  the  ground  state  (E| )  of  the  WQW  are  resonantly 
excited  by  a  CO2  laser  to  E3 .  Some  of  these  earners 
loose  their  energy  by  phonon  assisted  relaxation  pro¬ 
cesses  and  decay  to  E2.  Because  of  the  thick  barrier 


Fig.  1.  Schematic  description  of  the  energy  levels  in  valence  and 
conduction  bands  of  Bragg  confined  structure.  Also  shown  is  the 
intersubband  excitation  process  and  the  charge  carrier  transfer 
from  the  WQW  to  the  NQW.  This  charge  transfer  generates  the 
static  electric  field. 


that  separates  these  two  levels  the  relaxation  time  for 
electrons  in  the  second  level  is  of  the  order  of  sev¬ 
eral  hundreds  of  picoseconds.  As  a  result  in  a  steady 
state,  there  is  a  net  charge  transfer  from  the  WQW 
to  the  NQW  that  induces  a  local  electric  field  across 
the  ACQW.  A  detailed  description  of  this  mechanism 
including  the  relevant  rate  equations  is  given  in 
Ref  [1]. 

Using  infrared  (IR)  polarization-resolved  absorp¬ 
tion  spectroscopy  we  measured  the  Ei  :  E3  transition 
energy  to  be  115  meV  (see  inset  of  Fig.  2)  in  good 
agreement  with  our  calculations.  Fig.  2  shows  the  PL 
spectrum  (a)  the  PLE  (b,c)  of  the  bound  states  and 
the  PL  (d)  and  PLE  (e)  spectra  of  the  continuum 
states.  The  PL  in  (a)  shows  three  peaks  E|,  E2  and 
Esl  at  1.57,  1.605  and  1.705  eV,  respectively,  which 
are  identified  as  recombination  of  bound  electrons  and 
holes  in  the  WQW,  NQW  and  bound  levels  in  the 
Bragg  reflectors,  respectively.  The  high-energy  part  of 
the  PL  (d)  in  Fig.  2  at  2.07  and  2.082  eV  is  related 
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Fig.  2.  PL  and  PLE  of  bound  and  above  the  barrier  levels  in 
the  Bragg  confined  structure,  (a)  PL  of  the  three  lowest  bound 
subbands,  (b)  and  (c)  PLE  of  the  bound  levels  monitored  at  the 
WQW  and  NQW  respectively,  (d)  PL  of  above  the  barrier  states  in 
the  reflector  region,  (e)  PLE  of  above  the  barrier  states  monitored  at 
the  WQW.  The  inset  shows  the  intersubband  absorption  spectrum. 


to  transitions  from  Eexi  and  Eex2,  to  valence  contin¬ 
uum  subbands.  We  monitored  the  PLE  signal  at  1.57 
eV  (WQW)  (b)  and  1.605  eV  (NQW)  (c).  While  the 
PLE  is  monitored  at  the  WQW  (1 .57  eV),  we  observe 
a  rise  in  the  density  of  states  at  an  energy  of  1 .67  eV 
that  corresponds  to  the  HHi  :  E3  transition  and  is  lo¬ 
cated  1 15  meV  above  Ei  :  HHi  as  expected.  This  level 
around  1.67  eV  is  also  seen  when  the  PLE  is  moni¬ 
tored  at  1.605  eV  (i.e.  the  NQW  energy).  Our  find¬ 
ings  indicate  that,  despite  that  the  electron-hole  pairs 
(HHi  :  E3)  are  initially  excited  in  the  WQW,  there  is 
an  efficient  electron  transfer  to  E2  in  the  NQW,  This 
is  due  to  the  presence  of  the  E3  electronic  level  that 
extend  over  both  WQW  and  NQW  as  predicted  by  our 
model  [1].  Henee,  intersubband  excitation  at  10.6  pm 
from  our  CO2  laser  can  generate  a  local  dc  electric 
field  across  the  ACQW.  The  continuum  levels  Eexi 
and  Eex2  are  clearly  resolved  in  the  PLE  spectrum  (e) 
while  the  Bragg  confined  level  Eb  is  weakly  seen. 


Raman  shift  (cm  ') 


Fig.  3.  Raman  spectmm  of  the  Bragg  confined  structure. 

Next,  the  effect  of  locally  modulated  DC-electric 
field  on  the  above  the  barrier  energy  levels  was  inves¬ 
tigated  using  MRRS. 

For  that  purpose  we  varied  the  dye  laser  photon 
energy  in  the  1.96-2.16  eV  range  and  by  measur¬ 
ing  the  resonant  Raman  spectra  at  10  K  we  probed 
the  electronic  levels  in  the  continuum.  Each  elec¬ 
tronic  level  is  associated  with  two  resonances  in  the 
RRS  spectrum  [9,10].  The  first  resonance  is  achieved 
when  the  incident  photon  energy  is  close  to  an  elec¬ 
tronic  transition  Eb  while  the  second  resonance  is 
achieved  when  the  photon  energy  is  El  =  Eb  +  ficoho^ 
where  I^colo  is  the  energy  of  the  longitudinal  (LO) 
phonon.  The  Raman  spectrum  has  contributions 
from  three  different  layers,  GaAs,  Alo.2Aso.8As,  and 
Alo.34Gao.66As  which  constitute  a  single  unit  cell. 
Therefore,  when  recording  a  single  Raman  spectrum 
(Fig.  3),  we  observe  the  following  phonon  vibra¬ 
tions:  292  cm“^  (36.2  meV)  from  the  GaAs  layers, 
285  cm“^  (35.3  meV)  and  376  cm“’  (46.6  meV) 
which  are  the  GaAs-  and  AlAs-like  modes,  of  the 
Alo.2Aso.8As  layer,  respectively,  280  cm“^  (34.7 
meV)  and  382  cm“'  (47.3  meV)  are  the  GaAs-  and 
AlAs-like  modes  of  the  Alo.34Aso.66 As  layer,  respec¬ 
tively.  Fig.  4a  and  b  show  the  RRS  spectra  from 
the  GaAs  and  Alo.2Aso.8As  layers,  respectively.  The 
Bragg  level  at  2.52  eV  denoted  by  Eb  is  seen  mainly 
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Energy  (eV) 


Fig.  4.  RRS  of  Ihe  above  baiTicr  levels  with  (solid  squares)  and 
without  (open  circles)  IR  excitation,  (a)  RRS  from  the  GaAs 
layers,  (b)  RRS  from  the  Alo.iGaosAs  layers,  (c)  RRS  from  the 
Al().2Gao,sAs  layers. 


in  these  spectra.  Furthermore,  under  infrared  exci¬ 
tation  of  4kW/cm^,  this  level  is  red  shifted  by  16 
mcV.  The  energy  levels  Ebxi  at  2.07  eV  and  Eex2  at 
2.082  eV  were  seen  in  the  RRS  spectra  of  all  lay¬ 
ers  but  had  the  largest  amplitude  in  the  GaAs  layer 
(Fig.  4a)  and  Alo,34Aso.66As  layer  (Fig.  4c).  Under 
infrared  illumination  the  level  Ecxi  at  2.07  eV  has  a 
very  small  shift  ( 1  meV)  which  cannot  be  resolved 
in  our  experiments.  The  level  Eex2  2.082  eV  red 
shifts  only  by  4  meV.  The  out  going  beams  of  these 
two  levels  are  found  at  one  phonon  energy  distance 
above  these  levels  and  they  are  shifted  exactly  as 
the  incoming  beams.  Near  the  continuum  onset  at 
2.007  eV  the  RRS  spectrum  show  a  wide  peak.  This 
peak  denoted  Ec  is  strongly  enhanced  in  the  RRS 
spectra  of  the  GaAs  and  Alo.2Aso.8As  layers,  and  is 
very  weak  in  the  RRS  spectra  of  the  Alo.34Aso.66As 
layers. 


Table  1 

The  calculated  y  values  for  the  continuum  states 


Ecxi 

Ecx2 

Eb 

7 

0.13 

0.15 

0.48 

From  the  RRS  results  (Fig.  4)  we  see  that  un¬ 
der  IR  illumination  the  Bragg  confined  Eb  red  shifts 
by  16  meV  while  the  reflector  level  Egxi  is  shifted 
by  less  than  1  meV.  These  results  can  be  explained 
by  considering  the  localization  of  these  states  above 
the  barrier  levels  in  the  ACQW  region.  The  Bragg 
confined  state  is  highly  localized  in  the  ACQW  re¬ 
gion.  Therefore,  under  the  influence  of  the  local  field 
this  level  shows  a  relatively  large  shift.  On  the  other 
hand,  the  extended  levels  Egxiand  Eex2  are  localized 
mainly  in  the  reflectors  region  and  therefore,  expe¬ 
rience  much  smaller  shifts  than  the  Bragg  confined 
level.  Our  results  indicate  that  the  envelope  wave  func¬ 
tion  of  the  level  Eex2  has  a  larger  overlap  with  the 
ACQW  and  therefore,  has  a  larger  shift  compared  to 
EexI- 

In  order  to  compare  the  degree  of  localization 
between  the  Bragg  confined  level  and  the  reflec¬ 
tors  levels  we  defined  the  confinement  factor,  y,  as 
follows: 


y  = 


L 


asymmetric  well 


Ue(z)Pdz 


/unit  con  IZe(z)Pdz 


(1) 


where  y  measures  the  degree  of  localization  of  the 
continuum  levels  in  the  ACQW  region  (where  a  unit 
cell  is  a  sum  of  the  ACQW  and  the  SL  widths). 
The  calculated  values  of  y  are  summarized  in  Table 
1. These  values  are  in  good  agreement  with  our  ex¬ 
perimental  results  showing  that  the  Bragg  level  Eb  is 
most  localized  while  Ecxi  is  less  localized  state  in  the 
ACQW. 

The  linewidths  of  the  electronic  levels:  Eb, 
Ecxb  Eex2  are  found  to  be  less  than  6  meV,  ex¬ 
cept  for  Ec  which  is  found  to  have  a  line  width 
of  13  meV.  The  linewidth  of  Ec  suggests  that  this 
level  is  a  mini-band  formed  by  the  interaction  of 
the  electronic  wave  functions  with  adjacent  unit 
cells. 

In  conclusion,  by  inserting  Bragg  reflectors  in 
each  side  of  an  ACQW  and  by  using  modulated 
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RRS  as  a  probe  we  see  two  kinds  of  confined  states. 
The  first  kind  corresponds  to  a  Bragg  level  that 
is  confined  in  the  ACQW  region.  This  level  was 
only  seen  in  the  RRS  profiles  of  the  ACQW  lay¬ 
ers,  and  in  addition  it  showed  a  relatively  large 
red  shift  when  a  local  static  electric  field  is  gen¬ 
erated  in  the  ACQW  region.  The  second  kind 
of  levels  extends  mainly  in  the  reflectors  region, 
show  a  very  small  shift  under  the  same  field.  A 
calculation  of  the  probability  to  find  these  states 
in  the  ACQW  region  is  in  agreement  with  our 
interpretation. 
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Abstract 

In  this  work  we  present  a  systematic  experimental  study  aimed  at  resolving  the  various  contributions  to  electro-optical 
modulation  in  a  multiple  coupled  quantum  wells  structure.  Using  a  set  of  eight-cross/parallel  polarizer-analyzer  measurements 
we  were  able  to  resolve  the  spectral  dependence  of  the  DC  electric-field-induced  absorption  and  phase-retardation  due  to 
intersubband  transitions.  The  results  of  our  experiment  were  fitted  to  a  model  that  allows  all  quantum  properties  of  the 
structure  to  vary  with  the  external  DC  electric  field  and  estimate  the  contribution  of  each  term  to  the  overall  modulation. 
The  experimental  results  suggest  that,  apart  from  the  Stark  shift  of  the  energy  levels,  a  major  contribution  to  electro-optical 
modulation  comes  from  line  width  modulation.  We  propose  a  model  that  correlates  this  effect  with  alloy  disorder  and  interface 
roughness  scattering  that  gives  rise  to  electron  dephasing.  The  larger  degree  of  electron  localization  near  the  interfaces  in 
the  presence  of  a  DC  electric  field  is  responsible  for  this  effect.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Electro-absorption;  Electro-retardation;  Intersubband  transitions;  Interface  roughness 


The  large  second-order  optical  nonlinearities  asso¬ 
ciated  with  intersubband  transitions  (ISBTs)  in  quan¬ 
tum  wells  (QWs)  can  be  utilized  to  develop  a  new 
class  of  infrared  (IR)  nonlinear  devices.  In  particular, 
IR  electro-optical  (EO)  modulators  that  are  based  on 
these  transitions  were  extensively  investigated  [1-7]. 
These  modulators  have  the  advantage  of  being  com¬ 
patible  with  other  ISBT  devices  such  as  QWIPs  and 
quantum  cascade  lasers,  for  integration  purposes. 
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In  this  work  we  investigate  experimentally  EO 
modulation  in  an  asymmetric  coupled  quantum  wells 
(CQWs)  structure.  In  a  previous  work  [8]  we  found 
that  this  structure  should  deliver  efficient  EO  modula¬ 
tion  at  the  IR  wavelengths.  However,  a  careful  anal¬ 
ysis  of  the  modulation  process  is  essential  to  resolve 
both  electro-absorption  (EA)  and  electro-retardation 
(ER)  in  our  sample  since  both  the  amplitude  and 
the  phase  of  the  optical  field  are  affected  by  the 
DC-electric  field  thus  altering  the  state  of  polarization 
of  the  outcoming  IR  beam. 

The  structure  used  for  our  experiments  consists  of 
50  periods  of  CQWs.  Each  period  consists  of  two 
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Fig.  1.  FTIR  linear  absorption  spectrum  of  our  sample  showing  the 
[1)  |3)  intersubband  transition  at  137  meV.  The  inset  shows  the 

band  structure  of  the  sample  together  with  the  calculated  energy 
levels  and  wave  functions. 


GaAs  QWs,  60  and  20  A  wide,  respectively,  sepa¬ 
rated  by  a  15  A  Alo.4Gao.6As  barrier.  A  375  A  thick 
Alo.4Gao.6As  barrier,  modulation  doped  (n-type)  at  the 
center  to  a  level  of  «2d  =  4  x  10^^  cm“^,  separates 
the  periods  from  each  other.  The  entire  structure  was 
grown  on  the  top  of  a  semi-insulating  (100)  GaAs 
substrate  with  top  and  bottom  5000  A  thick  heavily 
doped  n-GaAs  layers  («  =  1  x  10’^  cm“^). 

The  potential  structure  together  with  the  allowed 
energy  levels  and  wave  functions,  that  were  calculated 
using  a  numerical  code  that  solves  the  Ben  Daniel- 
Duke  and  the  Poisson  equations  self-consistently,  are 
shown  in  the  inset  of  Fig.  1.  We  found  that  the  struc¬ 
ture  has  three  subbands  with  transition  energies  of 
140  meV  for  the  1 1)  |2)  ISBT  and  200  meV  for  the 

|1)  |3)  ISBT  at  77  K,  Linear-polarization-resolved 

FTIR  absorption  measurements,  shown  in  Fig.  1, 
reveal  a  strong  absorption  line  at  137  meV  with  a 
full-width  at  half-maximum  (FWHM)  of  10  meV. 
This  is  in  good  agreement  with  our  energy  level 
calculations.  The  sample  was  processed  into  a 
2x5  mm^  rectangular  mesa  structure,  using  standard 
photolithography  and  wet  chemical  etching.  Finally, 
ohmic  metal  contacts  of  AuGe/Ni/Au  were  defined  at 
the  bottom  and  the  top  mesas.  Two  parallel  edges  of 


the  sample  were  polished  in  45°  in  the  commonly  used 
multi-pass  waveguide  geometry  [8]  to  allow  optical 
transmission 

The  experimental  set-up  used  to  measure  EO  mod¬ 
ulation  is  shown  schematically  in  Fig.  2.  IR-radiation 
from  a  black  body  source  is  focused  onto  the  sample 
facet  using  ZnSe  lenses.  The  sample,  which  is  held 
at  a  constant  temperature  of  77  K  inside  an  optical 
cryostat,  is  placed  between  a  polarizer  (P)  and  ana¬ 
lyzer  (A)  whose  angles  can  be  rotated.  In  addition  a 
quarter-wave  plate  (2/4)  is  placed  in  the  optical  path. 
Radiation  that  emerges  from  the  sample  is  collected 
using  another  ZnSe  lens  onto  a  |  spectrometer  fol¬ 
lowed  by  a  HgCdTe  detector. 

Two  types  of  measurements  were  made.  In  one  type 
of  experiments  a  square  wave  voltage  between  0  and 
V  was  applied  across  the  sample  at  a  frequency  of  4 
kHz  and  the  differential  transmission  through  the  sam¬ 
ple,  AT,  was  measured  using  a  lock-in  amplifier.  In 
the  second  set  of  measurements  the  linear  transmis¬ 
sion,  T,  was  measured  using  a  chopper  to  modulate 
the  incoming  beam  while  the  outcoming  signal  was 
measured,  again,  using  a  lock-in  amplifier.  The  fre¬ 
quency  of  modulation  was  the  same  for  both  exper¬ 
iments  to  eliminate  effects  of  frequency  response  of 
the  measuring  system. 

It  can  be  shown  that  full  characterization  of  a 
given  anisotropic  crystal  requires  a  set  of  nine 
measurements  [9]  at  different  orientations  of  the 
polarizer/analyzer/quarter-wave  plate.  However,  in 
our  semiconductor  structure,  the  ISBT  selection  rules 
dictate  the  principal  axis  [10]  so  that  a  set  of  only 
six  measurements  is  sufficient  to  characterize  the 
structure.  We  denote  each  configuration  of  our  ex¬ 
perimental  system  by  three  parameters  (6>p,0A,Fo) 
where  Op  and  6 a  are  the  angles  of  the  polarizer  and 
analyzer  relative  to  the  extraordinary  axis  (growth 
direction)  and  To  is  the  retardation  introduced  by  the 
quarter- wave  plate.  In  Ref.  [11]  we  showed  that  one 
can  use  the  following  relations  to  deduce  the  induced 
absorption  and  induced  retardation  from  the  following 
set  of  measurements: 
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Fig.  2.  The  experimental  set-up:  (P)  input  polarizer,  (A/4)  quarter  wavelength  plate;  (A)  output  analyzer-polarizer.  Op  and  9a  are  the 
angle.s  of  the  polarizer  and  the  analyzer  relative  to  the  extra-ordinaiy  direction,  respectively. 


where  V  is  the  applied  voltage,  and  and  are 
the  electric-field-induced  EA  and  ER  coefficients,  re¬ 
spectively.  In  our  analysis  we  plotted  and 
versus  the  applied  voltage,  for  each  photon  energy, 
and  fitted  the  data  to  a  linear  approximation  (see  Fig. 
2  of  Ref.  [10]).  The  slope  of  the  resulting  lines  are 
and  respectively.  The  open  circles  in  Fig.  3(a), 
show  the  induced  EA.  A  first  positive  peak  at  1 25  meV 
and  a  second  negative  peak  at  137  meV  arc  observed. 
While  the  second  peak  at  137  meV  is  very  close  to 
the  resonance  of  the  linear  absoiption,  the  first  peak 
at  125  meV  is  shifted  to  a  significantly  lower  energy. 
The  results  for  the  induced  ER  arc  shown  in  Fig.  3b  in 
open  circles.  Here,  the  first  positive  ER  peak  appears 
at  133  nieV  while  the  second  negative  peak  appears 
at  142  meV. 

In  order  to  correlate  the  experimental  results  to  the 
physical  mechanisms  responsible  for  EO  modulation 
we  followed  the  approach  described  in  Ref  [12].  A 
first-order  expansion  (with  respect  to  the  DC-electric 
field)  of  the  linear  susceptibility,  /^'^(co)  =  Q2\/(s  — 
^'21  -  m\X  yields 
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Fig.  3.  (a)  EA  versus  the  photon  energy;  (b)  ER  versus  photon 
energy.  Circles  denote  the  measured  values  while  the  solid  lines 
represent  the  best  fit  of  the  experimental  results  to  the  model. 
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where  is  the  second-order  EO  susceptibility, 

Q2]  is  proportional  to  the  transition  dipole  matrix  el¬ 
ements  times  the  population  difference  of  the  lowest 
two  subbands,  £21  is  the  transition  frequency  and  721 
is  the  line  width  of  the  transition.  In  the  present  anal¬ 
ysis  we  took  into  account  line-width  modulation  that 
was  not  considered  in  Ref  [12]. 

In  Fig.  4  we  plot  the  real  (Fig.  4b)  and  imaginary 
(Fig.  4a)  parts  of  each  term  in  Eq.  (4)  normalized 
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PHOTON  ENERGY(meV) 

Fig.  4.  Spectral  behavior  of:  (a)  the  imaginary;  (b)  the  real  part 
of  the  EO  susceptibility  for  modulation  arising  from  changes  in 
y2\  (solid  line),  £21  (dashed  line)  and  Q21  (dotted  line). 

to  their  maximum  value.  Note  that  each  of  the  con¬ 
tributions  to  modulation  yields  a  different  spectral 
dependence.  Furthermore,  since  EA  is  related  to  the 
imaginary  part  of  the  susceptibility  and  ER  to  the  real 
part  of  the  susceptibility,  we  can  fit  the  experimental 
results  for  both  the  ER  and  the  EA  coefficients  to  Eq. 
(4).  The  fitting  procedure  yields  the  relative  contri¬ 
bution  of  each  term  in  Eq.  (4)  to  the  experimental 
results.  The  solid  lines  in  Fig.  3  show  the  results  of  the 
fit  where  the  values  of  £21,721  Q2]  in  the  absence 

of  a  DC-electric  field  were  taken  from  the  linear  ab¬ 
sorption  measurements.  The  fitting  procedure  yields: 
l/F(Ag2i/82i)  =  4  X  lO-yv,  l/F(Ay2,/y2i)  =  7.6  x 
lO-^V  and  l/K(A£22i/fl2i )=  1  x  IQ-VV.  Thus, 
close  to  resonance,  EO  modulation  in  our  structure  is 
mainly  due  to  line-width  broadening. 

Let  us  now  compare  the  experimental  results  to 
a  model  based  on  a  numerical  solution  of  the  Ben 
Daniel-Duke  and  Poisson  equations  for  our  structure. 
We  treated  the  biased  QW  as  a  new  structure  and 
numerically  calculated  £21  and  1^21  as  a  function  of 
the  DC-electric  field,  F.  First-order  expansion  of  the 
form 


62i(F)  =  S2i(0)+^F  +  ---, 

i22i(F)  =  f22i(0)+^F+--  (5) 


was  used  to  derive  the  following  relations  for  the  mod¬ 
ulation  coefficients 


Aso 


Sin  £21 


F  and 


AQ: 


Sin  Q 


21 


F. 


(6) 


£21  SF  ^^21  SF 

The  second  term  in  our  expansion  is  related  to  quan¬ 
tum  interference  and  carrier  density  modulation  as  dis¬ 
cussed  in  Ref  [12].  However,  since  in  our  experiment 
£2  -  £1  137  meV^/cT  7  meV  we  expected  car¬ 

rier  density  modulation  to  be  negligible. 

Line-width  broadening  may  originate  in  several  pro¬ 
cesses  that  give  rise  to  electron  dephasing  [13,14].  In 
our  structure,  because  of  the  large  number  of  interfaces 
and  the  thin  intermediate  barrier,  we  assign  line-width 
broadening  to  interface  roughness  and  alloy  disorder 
scattering  at  the  interfaces.  Following  Ando  et  al.  [15] 
we  write  line-width  broadening  due  to  interface  rough¬ 
ness  as  follows: 


y  =  KF^ff,  where  =  J dz\il/(z)f^ 

=  j:Vomzj)\\  (7) 


where  the  summation  is  over  all  interfaces,  Vq  is  the 
conduction  band  discontinuity  at  the  interface,  i/^(z)  is 
the  envelope  wave  function  and  for  each  interface  at 
z  =  zj  we  took  0F/6z  —  Fo^(z  —  zy).  Hence,  we  con¬ 
clude  that  the  strength  of  interface  roughness  scatter¬ 
ing  has  a  quadratic  dependence  on  the  probability  to 
find  the  electron  at  a  given  interface.  Therefore  one 
should  expect  to  find  a  weak  contribution  of  this  scat¬ 
tering  process  in  a  rectangular  QW  where  the  ground 
envelope  state  tends  to  vanish  near  the  interfaces  and 
a  large  contribution  for  QW  structures  with  many  in¬ 
terfaces.  In  our  CQW  a  large  probability  to  find  the 
electron  near  the  interfaces  is  expected,  particularly 
for  the  interfaces  of  the  thin  intermediate  AlGaAs  bar¬ 
rier.  Taking  now,  again,  the  envelope-state  to  be  a 
function  of  the  DC-electric  field  and  applying  the  lin¬ 
ear  expansion  procedure  (as  in  Eqs.  (5)  and  (6))  for 
line-width  modulation  yields 

Ay  ^  01n(|i/r|'') 

—  ==  — ^ 

Eqs.  (6)  and  (8)  can  be  now  used  to  calcu¬ 
late  the  various  modulation  coefficients.  Apply¬ 
ing  the  numerical  code  for  our  structure  yields: 
1/F(A82i/£2i)  =  6x  lO-M/V,  l/F(Ay2i/y2i)=l  X 
lO-'l/V  and  l/F(A(£22i/fi2i)  =  8.5  X  lO-M/V  in 
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reasonably  good  agreement  with  our  experimental 
results. 

In  eonclusion,  we  have  presented  an  experimen¬ 
tal  teehnique  for  measuring  the  EO  modulation  based 
on  ISBTs  in  QWs.  Our  experiment  reveals  that  both 
electro-refraetion  and  electro-absorption  contribute  to 
EO  modulation.  Furthermore,  we  have  found  that  in 
QW  structures  with  several  interfaces  the  modulation 
stems  mostly  from  line-width  broadening  under  the 
application  of  an  external  electric  field. 
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Abstract 

In  this  paper  we  present  a  systematic  experimental  investigation  of  the  optical  properties  associated  with  inter-subband  and 
inter-valence  band  transitions  in  p-type  pseudomorphic  Sii-.xGe.v/Si  multiple  quantum-wells  structure  under  high-temperature 
thermal  treatments.  The  structure  exhibits  two  types  of  optical  absorption  lines:  the  first  obeys  the  inter-subband  selection 
rules  and  is  assigned  to  heavy-hole  transitions  while  the  second  obeys  the  inter-valence  band  selection  rules  and  is  assigned 
to  transitions  between  a  heavy  hole  and  a  mixed  spin  split  off  and  light-hole  state.  Annealing  treatments  reveal  two  kinds 
of  thermally  activated  processes.  The  first  process  is  assigned  to  strain  relaxation  while  the  second  is  assigned  to  Si  and  Ge 
inter-diffusion.  Raman  spectroscopy  provides  additional  support  to  our  interpretation  of  the  activation  processes.  We  propose 
a  quantitative  model,  based  on  the  Bir-Pikus  deformation  potential  to  explain  the  experimental  results.  ©  2000  Elsevier 
Science  B.V.  All  rights  reserved. 
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Pseudomorphic  silicon-germanium  (SiGe)  het¬ 
erostructures  grown  on  Silicon  (Si)  substrates  have 
extensively  been  investigated  over  the  recent  years 
for  silicon-based  optoelectronic  applications.  Due  to 
the  large  valance  band  discontinuity  between  Si  and 
SiGe  strained  alloys,  this  semiconductor  system  is 
suitable  for  fabricating  p-type  quantum-well  infrared 
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photodetectors  (QWIPs)  that  can  monolitically  be 
integrated  with  Si-based  readout  circuits  [1].  How¬ 
ever,  standard  Si-processing  technology  involves 
high-temperature  thermal  treatments  that  may  cause 
a  severe  degradation  in  device’s  performances  [2]. 
Therefore,  it  is  essential  to  understand  how  thermal 
annealing  processes  [3-5]  affect  the  optical  properties 
associated  with  transitions  within  the  valance  band  in 
SiGe/Si  heterostructures. 

In  this  work,  we  study  the  influence  of  thermal  an¬ 
nealing  processes  on  the  optical  transitions  within  the 
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valance  band  in  p-type  pseudomorphic  Si/SiGe  QWs. 
Infrared  (IR)  absorption  spectroscopy  was  applied  to 
probe  various  thermally  activated  processes  and  their 
influence  on  the  optical  properties  of  these  heterostixic- 
tures. 

The  sample  used  for  our  study  was  grown  by 
molecular  beam  epitaxy  (MBE)  on  a  high  resistivity 
(1500  n  cm)  n-type  (100)  Si  substrate.  It  consists  of 
20  periods  of  SiGe/Si  QWs.  Each  period  consists  of 
a  30  A  wide  Sio.77Geo,23  QW,  boron  (p-type)  doped 
to  a  level  of  9,6  x  10’’  cm“^  and  a  500  A  undoped 
Si  barrier.  In  addition,  a  300  A  wide  Sio.77Greo.23 
layer  and  boron  doped  to  a  level  of  4  x  10’^  cm“\ 
was  grown  on  top  of  the  QWs.  The  whole  structure 
is  capped  with  5000  A  top  and  bottom  Si  contact 
layers  and  boron  doped  to  a  level  of  10'^  cm”'\ 
Both  the  contact  and  the  wide  well  layers  are  used 
for  detector’s  application  to  be  discussed  elsewhere. 
IR  absorption  measurements  were  recorded  using  a 
Pcrkin-Elmer  2000  Fourier  transform  infrared  spec¬ 
trometer  (FTIR)  with  the  sample  polished  to  standard 
45°  multi-pass  waveguide  gcometiy.  In  this  geome¬ 
try,  the  polarization  of  the  IR  beam  can  continuously 
be  changed  from  s-  to  p-polarization  (i.e.  polarization 
normal  and  parallel  to  the  growth  direction). 

Infrared  transmission  spectra  at  various  polariza¬ 
tion  angles  of  the  as  grown  sample  were  shown  else¬ 
where  [6].  In  brief,  two  absorption  lines  at  3.8  and 
6.1  pm,  polarized  perpendicular  to  the  growth  direc¬ 
tion,  and  an  additional  line  at  10  pm,  polarized  par¬ 
allel  to  the  growth  direction  have  been  observed.  We 
assign  the  10  pm  absorption  line  to  the  HHl  ^  HH2 
inter-subband  transition  (ISBT)  in  the  QWs,  (where 
HH  stands  for  heavy-hole  subbands),  while  the  6.1 
and  the  3.8  pm  absorption  lines  are  assigned  to  the 
HFIl  to  a  mixed  light  hole  (LH)  and  spin-split-olf 
(SO)  state  (SO-t-LH)l  inter-valence  band  transitions 
(IVBTs)  in  the  semi-bulk  300  A  wide  SiGe  strained 
layer  and  the  QWs,  respectively.  The  origin  of  the  SO 
and  LH  inter-mixing  is  the  QW  confinement  and  the 
strain  [7,8].  The  IVBT  at  6.1  pm  fits  vei*y  well  to  the 
energy  separation  between  the  HH  and  SO  levels  in 
semi-bulk  strained  Si(),77Geo.23- 

Thermal  annealing  has  been  preformed  in  a 
Nitrogen  gas  ambient  furnace  for  1  h  at  temperatures 
between  room  temperature  and  1060°C  and  the  IR 
absorption  spectra  were  recorded  after  each  thermal 
process.  At  the  insets  of  Figs.  1(a)  and  (b)  we  plot 
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Fig,  1.  (a)  Anlicnius  plot  of  the  ISBT  integrated  absorbanee  (•) 
versus  the  annealing  temperature.  The  solid  lines  represent  the  two 
activation  processes,  (b)  The  same  for  the  QW  IVBT  (H)  and  the 
semi-bulk  IVBT  (A).  The  insets  in  (a)  and  (b)  show  the  ISBT 
and  IVBT  absoiption  spectra  at  various  annealing  temperatures 
respectively. 


the  ISBT  and  IVBT  absorption  lines  at  various  tem¬ 
peratures.  Let  us  define  the  integrated  absorbance  as 
the  area  below  each  absorption  line.  Arrhenius  plots 
of  the  integrated  absorbance  versus  the  annealing 
temperature  for  the  ISBT  and  IVBT  absorption  lines 
are  shown  in  Figs.  1(a)  and  (b). 

Several  activation  processes  can  be  deduced  from 
these  figures.  At  temperatures  higher  than  940°C  the 
integrated  absorbance  of  both  QW  absorption  lines 
decreases  with  the  increasing  temperature.  The  ac¬ 
tivation  energy  of  both  lines  is  approximately  the 
same,  AEo  =  (1.9  ±  0.2)  eV.  The  semi-bulk  IVBT 
(6.1  pm)  shows  a  weaker  decrease  that  begins  at 
slightly  higher  temperatures.  In  the  temperature  range, 
750-940°C,  we  observed  an  additional  thermally 
activated  process.  Here,  the  QW  ISBT  integrated  ab¬ 
sorbance  decreases  with  the  increasing  temperature 
with  an  activation  energy  of  AEs  =  (0.13  ±  0.02)  eV 
while  the  integrated  absorbance  of  both  IVBTs  in¬ 
creases  with  the  increasing  temperature  with  AEs,  = 
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Fig.  2.  (a)  Raman  shifts  of  the  strained  (•)  and  unstrained  {■) 
Si-Si  phonon  lines,  (b)  The  same  for  the  SiGe  phonon  line  (A). 
Inset:  a  typical  Raman  spectra  after  annealing  at  700  C. 

“(0.09  ±  0.02)  eV.  In  addition,  we  did  not  observe  a 
shift  of  the  QW  ISBT  peak  energy  while  the  IVBT 
lines  show  a  red  shift  of  the  peak  energy  at  tem¬ 
peratures  above  800°C  (see  Figs.  2(b)  and  3(b)  in 
Ref.  [6]). 

The  high-temperature  activation  process  is  assigned 
to  inter-diffusion  of  Ge/Si  atoms  between  the  strained 
SiGe  QWs  and  the  Si  barrier  regions.  This  process 
causes  a  destruction  of  the  interfaces  between  the  wells 
and  the  barriers,  giving  rise  to  a  strong  alloy  disor¬ 
der  scattering  that  destroys  the  coherency  of  the  QW 
electronic  states.  The  activation  energy  measured  for 
this  process  is  in  good  agreement  with  other  reports 
on  Ge/Si  inter-diffusion  in  strained  layers  that  were 
detected  by  other  experimental  techniques  [9,10].  The 
semi-bulk  IVBT  (from  the  wide  well)  is  expected  to 
be  less  sensitive  to  this  process  since  inter-diffusion 
should  destroy  the  entire  SiGe  region  rather  than  the 
interfaces  (as  is  in  the  case  of  the  30  A  QW). 

The  mid-temperature  activation  process  is  assigned 
to  thermally  activated  strain  relaxation  in  the  pseu- 
domorphic  SiGe  layers  [3,4,1 1,12].  To  verify  this  as¬ 
sumption  we  measured  the  Raman  scattering  spectra 
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Fig.  3.  The  square  of  the  envelope  wave  functions  for  all  bound 
states  at  k±  =  0.  (a)  Fully  strained  QW.  (b)  Fully  relaxed  QW. 

of  the  samples  for  each  annealing  temperature.  The 
inset  of  Fig.  2(b)  shows  a  typical  spectrum  obtained 
at  700° C,  with  the  various  phonon  lines  as  indicated 
in  the  figure.  In  Fig.  2(a)  we  plot  the  strained  Si-Si 
phonon  line  versus  the  annealing  temperature.  With 
the  increasing  temperature  the  strained  Si-Si  line  shifts 
towards  the  bulk  Si-Si  line,  until  the  two  lines  can 
not  be  resolved  above  900°C.  Fig.  2(b)  shows  a  red 
shift  of  the  SiGe  phonon  line  as  annealing  temperature 
rises.  Here  again,  two  activation  processes  with  activa¬ 
tion  energies  of  AEs  =  (0.1 1  ±  0.04)  eV  and  AE^  = 
(2.3  ib  0.6)  eV  are  clearly  observed.  These  two  ener¬ 
gies  are  in  good  agreement  with  the  activation  ener¬ 
gies  observed  for  the  QW  ISBT. 

In  order  to  understand  the  influence  of  strain  relax¬ 
ation  on  the  valence  band  structure  and  the  various 
optical  transitions  involved  in  our  sample,  we  numer¬ 
ically  solved  the  6  X  6  Luttinger-Kohn  (LK)  Hamil¬ 
tonian  [13]  for  our  Sii-^vGev/Si  QW  structure.  In  our 
calculations,  we  took  into  account  both  the  confine¬ 
ment  potential  and  the  strain  deformation  potential  us¬ 
ing  the  Pikus-Bir  Hamiltonian  [14].  The  solution  was 
derived  in  a  similar  manner  to  that  presented  in  Refs. 
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[7,8],  where  a  Fourier  transform  of  the  envelope  wave 
functions  transforms  the  set  of  six  coupled  LK  differ¬ 
ential  equations  into  an  algebraic  matrix  that  can  be 
diagonalized.  Both  envelope  wave  functions  and  en¬ 
ergy  dispersion  relations  for  all  confined  levels  were 
numerically  calculated. 

In  Fig.  3  we  show  the  square  of  the  envelope  wave 
functions  for  all  bound  states  at  k±_  =0.  Two  limit¬ 
ing  cases  arc  shown:  a  fully  strained  QW  and  a  fully 
relaxed  QW.  These  two  limiting  examples  serve  the 
purpose  of  illustrating  how  strain  affects  the  band 
structure.  First,  for  a  fully  relaxed  QW,  the  gap  be¬ 
tween  HH  and  LH  ground  states  is  strongly  reduced 
(in  bulk  silicon  the  two  bands  are  degenerated).  Sec¬ 
ond,  the  HH  QW  potential  becomes  shallower  in  the 
absence  of  strain,  thus  pushing  up  the  HH2  state  near 
the  top  of  the  QW.  As  a  result,  the  HH2  envelope 
wave  function  becomes  less  localized  in  the  QW  re¬ 
gion.  Third,  the  strain  in  the  QW  gives  rise  to  an  addi¬ 
tional  strong  mixture  between  SO  and  LH.  However, 
once  the  energy  of  the  mixed  states  lies  above  the  LH 
barrier,  the  LH  contribution  becomes  unlocalized.  As 
a  result,  the  strain  causes  the  entire  envelope  wave 
function  to  be  less  localized  in  the  QW  as  illustrated 
in  Fig.  3.  During  the  relaxation  the  contribution  of  the 
LH  becomes  smaller  and  the  envelope  state  become 
more  localized  in  the  QW  region. 

The  above  effects  arc  responsible  to  the  activation 
processes  observed  by  the  optical  absorption  mea¬ 
surements.  The  energy  levels  involved  in  the  opti¬ 
cal  transitions,  i.e.  HHl  ^  HH2  and  HHl  (SO  4- 
LH)1,  are  in  good  agreement  with  the  experimen¬ 
tally  obsciwcd  absorption  spectra.  Furthermore,  the  in¬ 
tegrated  absorbance  of  the  ISBT  is  proportional  to 
|(HH1|z|HH2)|2,  where  |HH1)  and  |HH2)  are  the  en¬ 
velope  wave  functions  of  the  lowest  HH  states.  Hence, 
strain  relaxation  causes  the  HH2  envelope  to  be  less 
localized  in  the  QW  and  to  a  decrease  of  the  absorp¬ 
tion  as  observed  in  the  experiment.  The  integrated  ab¬ 
sorbance  of  the  IVBTs  is  proportional  to  the  envelope 
states  overlap  (HHl  |(SO  4-  LH)1)  [7,8].  Here,  we  find 
that  strain  relaxation  gives  rise  to  a  larger  degree  of 
envelope  state  localization.  For  example,  in  the  two 
limiting  cases  shown  in  Fig.  3  we  find  that  the  state 
(SO+LH)l  consists  of  32%  SO  and  68%  LH  in  the 
fully  strained  case  while  88%  SO  and  12%  LH  is  ob¬ 
tained  for  the  fully  relaxed  structure.  Hence,  with  in¬ 
creasing  annealing  temperature  the  contribution  of  the 


localized  SO  to  the  overlap  integral  increases  giving 
rise  to  an  increase  of  the  absorption.  Note  that  this 
model  also  explains  the  red  shift  of  the  optical  transi¬ 
tions  [6]. 

In  summary,  we  have  measured  the  influence  of 
thermal  annealing  processes  on  inter-valence  band 
and  inter-subband  transitions  in  pseudomorphic 
Si/Si  i-.vGe.v  quantum  wells.  Two  thermally  acti¬ 
vated  processes  were  resolved.  The  first  process  is 
assigned  to  strain  relaxation  that  gives  rise  to  a  de¬ 
crease  of  the  ISBT  and  an  increase  of  IVBTs.  At 
temperatures  above  940° C  a  second  aprocess  of  Si/Ge 
inter-diffusion  was  observed.  This  process  destroys 
the  coherency  of  the  QW  envelope  states  giving  rise 
to  a  rapid  decrease  of  all  QW  absorption  lines. 
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Abstract 

Photoluminescence  (PL)  spectroscopy  is  used  to  study  the  population  properties  of  a  multiple,  asymmetric 
GaAs/(Al,Ga)As  double  quantum  well  superlattice,  which  represents  a  simplified  version  of  the  active  region  of  a  quantum 
cascade  laser  (QCL).  In  the  case  of  anti-Stokes  PL  of  the  narrower  well,  which  is  observed  for  excitation  between  the 
excitonic  states  of  the  two  quantum  wells  and  sufficiently  high  electric  field  strengths,  the  photocarriers  are  only  excited  in 
one  of  the  two  wells.  The  anti- Stokes  signal  gives  direct  evidence  for  transport  of  electrons  and  holes  through  the  (Al,Ga)As 
barriers.  An  analysis  of  the  electric-field  dependence  of  the  conventional  PL  as  well  as  the  anti-Stokes  PL  signal  demon¬ 
strates  that  the  population  of  the  subbands  can  be  determined  in  the  limit  of  weak  excitation  intensity.  ©  2000  Elsevier 
Science  B.V.  All  rights  reserved. 
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1.  Introduction 

In  1994,  the  first  operating  laser  based  on  intersub¬ 
band  transitions,  the  quantum  cascade  laser  (QCL), 
was  reported  by  Faist  et  al.  [1].  In  addition  to  its 
great  practical  interest,  the  cascade  structure  also  de¬ 
serves  attention  for  its  basic  physical  properties.  The 
population  of  the  subbands,  e.g.,  is  determined  by  a 
complicated  interplay  of  transport  and  relaxation  pro¬ 
cesses.  Photoluminescence  (PL)  spectroscopy  seems 
to  be  an  appropriate  tool  to  investigate  this  popu- 
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lation  [2,3],  although  the  excitation  of  electron-hole 
pairs  is  not  compatible  with  the  unipolar  character  of 
the  QCL.  In  conventional  PL  experiments,  the  excita¬ 
tion  of  electron-hole  pairs  is  approximately  equal  in 
all  quantum  wells  (QWs).  In  contrast,  for  excitation 
energies  between  the  excitonic  states  of  the  different 
QWs,  electrons  and  holes  are  only  excited  in  the  wider 
wells,  so  that  any  PL  signal  from  the  narrower  QWs 
would  give  direct  evidence  of  the  transport  of  elec¬ 
trons  and  holes  through  the  barriers.  This  type  of  PL 
signal  appears  at  a  higher  photon  energy  than  the  exci¬ 
tation  energy  and  is  therefore  referred  to  as  anti- Stokes 
PL.  In  order  to  study  the  population  properties  of 
such  structures  by  PL  spectroscopy,  the  influence  of 
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hole  transport  has  to  be  considered.  In  this  paper,  we 
apply  anti-Stokes  as  well  as  conventional  PL  spec¬ 
troscopy  on  an  asymmetric  GaAs/(Al,Ga)As  double 
quantum  well  supciiatticc,  which  represents  a  simpli¬ 
fied  active  region  of  a  QCL.  We  demonstrate  that  PL 
spectroscopy  can  be  applied  as  a  simple  measuring 
technique  to  characterize  the  underlying  processes, 
if  the  excitation  intensity  is  sufficiently  low. 


2.  Experimental 

The  samples  consist  of  a  superlattice  structure  with 
a  unit  cell  containing  two  wells  and  two  barriers,  which 
all  have  different  thicknesses.  While  the  different  bar¬ 
rier  thickness  results  in  a  different  transfer  rate  be¬ 
tween  the  electronic  ground  states  of  adjacent  wells, 
different  well  widths  result  in  different  transition  en¬ 
ergies,  which  allow  to  identify  the  QWs  with  respect 
to  their  injection  barrier.  We  define  foi*ward  bias  as 
the  polarity,  for  which  the  electron  ground  state  of 
the  wider  well  is  at  a  higher  energy  than  the  one  of 
the  adjacent  narrower  well,  if  they  are  connected  by 
the  thin  barrier.  In  this  paper,  foi*ward  bias  is  denoted 
by  a  positive  electric  field  strength. 

The  Alo.3Gao.7As/GaAs  supcrlatticc  stmeture  forms 
the  intrinsic  region  of  an  n'^-i-n"^  stnacture,  which 
was  grown  by  molecular-beam  epitaxy  on  an  n^-GaAs 
substrate.  It  contains  20  periods  each  with  a  5-nm  well, 
a  10-nm  barrier,  a  4-nm  well,  and  a  14-nm  baiTier.  The 
total  thickness  of  the  intrinsic  region  amounts  to  735 
nm.  For  the  PL  experiments,  the  sample  was  optically 
excited  with  an  Ar"^  -laser-pumped  Ti :  sapphire  laser 
tuned  to  the  excitation  energies  of  1 .625  and  1 .722  eV. 
If  not  otherwise  specified,  the  laser  power  was  adjusted 
to  about  50  nW  with  the  beam  focused  to  a  diameter 
of  about  100  \im. 

3.  Results  and  discussions 

Fig.  1  shows  the  observed  PL  intensity  of  the  two 
QWs  as  a  function  of  detection  energy  and  electric 
field  in  a  gray  scale  representation  for  an  excitation 
energy  of  1.722  eV.  While  the  low-energy  line  at 
1.615  eV  exhibits  only  two  pronounced  minima  at 
field  strengths  near  ±27  kV/cm,  the  high-energy  line 
at  1.642  cV  shows  maxima  at  field  strengths  of  about 
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Detection  energy  (eV) 

Fig.  1 .  PL  intensity  as  a  function  of  detection  energy  and  applied 
electric  field  measured  at  a  temperature  of  5  K  for  an  excitation 
energy  (1.722  eV)  above  the  excitonic  states  of  the  two  quantum 
wells.  Darker  areas  correspond  to  higher  intensities,  lighter  areas 
to  lower  intensities. 

±27  and  -40  kV/cm.  In  order  to  have  an  experimen¬ 
tal  quantity  that  is  related  to  the  occupation  of  the 
quantum  well  states,  we  define  the  ratio  p  =  /n//w  of 
the  integrated  PL  intensity  /n  of  the  narrower  and 
of  the  wider  well,  which  is  shown  in  Figs.  2(a)  and 
(b)  as  a  function  of  the  applied  electric  field  strength 
for  excitation  above  and  below  the  ground  state  of  the 
narrower  well,  respectively.  For  both  excitation  con¬ 
ditions  and  forward  bias,  p  exhibits  a  clear  maximum 
near  27  kV/cm.  A  second,  smaller  maximum  exists 
for  excitation  of  both  quantum  wells  near  5  kV/cm.  In 
reverse  bias,  p  appears  to  have  two  maxima  for  both 
excitation  conditions. 

The  characteristic  field  strengths,  at  which  elec¬ 
tron  (forward  bias  16,  reverse  bias  13  kV/cm)  or 
heavy-hole  states  (forward  bias  4.6,  reverse  bias 
5.4  kV/cm)  of  two  adjacent  wells  are  at  the  same 
energy,  can  be  correlated  with  distinct  points  in  the 
experimental  p-curves  as  shown  in  Figs.  2(a)  and  (b). 
Since  the  PL  intensity  and  hence  p  depend  on  the  prod¬ 
uct  of  electron  and  hole  concentrations  for  each  QW, 
the  field  dependence  of  p  does  not  directly  reflect  the 
occupation  of  electron  or  hole  states  alone.  For  for¬ 
ward  bias  above  the  hole  resonance,  the  preferred 
hole  transport  occurs  through  the  thin  barrier  from 
the  narrower  to  the  wider  well  so  that  p  exhibits 
a  maximum  at  the  resonance  condition  for  holes 
and  a  minimum  just  below  the  electron  resonance. 
Above  this  field  strength,  p  strongly  increases  up 
to  27  kV/cm  due  to  the  increased  electron  trans- 
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Fig.  2.  Ratio  p  =  /n//w  of  the  integrated  PL  intensities  of  the 
nan'ower  (In)  and  wider  (/w)  QWs  for  excitation  energies  of  (a) 
1.722  and  (b)  1.625  eV  versus  applied  electric  field  for  forward 
(dots)  and  reverse  bias  (triangles).  In  (b),  p  corresponds  to  the 
ratio  of  the  anti- Stokes  to  the  Stokes  PL  intensity.  The  inset  of 
(a)  shows  the  DC  current  (/dc)  as  a  function  of  electric  field  (F) 
without  laser  excitation. 

fer  from  the  wider  to  the  narrower  well  through 
the  thin  barrier.  The  opposite  behavior  is  observed 
for  reverse  bias.  The  strong  decrease  (increase  for 
reverse  bias)  of  p  above  27  kV/cm,  which  results 
in  a  maximum  (minimum)  at  this  field  strength, 
is  probably  related  to  the  dramatic  increase  of  the 
current  above  27  kV/cm  as  shown  in  the  inset  of 
Fig.  2(a),  which  may  lead  to  a  different  transfer 
mechanism  through  the  barriers,  e.g.,  activation  by 
electron  impact  excitation.  A  more  detailed  discussion 
is  presented  in  Ref  [4]. 

Within  a  simple  rate  equation  model  for  unipolar 
systems,  one  expects  that  the  occupation  ratio  t]  = 
rir^/n^  of  the  electronic  subband  states  of  adjacent  wells 
is  proportional  to  the  ratio  ^vnAnw  with  fvn  and  ^nw 
denoting  the  transfer  rates  from  the  wider  to  the  nar¬ 
rower  well  and  vice  versa,  respectively,  which  depend 
strongly  on  the  electric  field  strength.  However,  prob¬ 
ing  T]  with  PL  spectroscopy  would  require  to  include 
the  hole  distribution  into  the  model.  If  ‘combined’ 


Excitation  Power  (pW) 
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Fig.  3.  Calculated  values  of  p  as  a  function  of  rn/hw  according  to 
the  simple  model  outlined  in  the  text  for  several  values  of  v  (tfom 
top  to  bottom  2.0,  1.5,  1.0,  0.5,  0.1).  The  solid  lines  correspond 
to  excitation  in  both  QWs,  the  dashed  lines  to  excitation  in  the 
wide  QWs  alone.  The  experimental  values  of  p  for  an  electric 
field  strength  of  27  kV/cm  as  a  function  of  excitation  intensity 
are  included  as  solid  squares. 


recombination  rates  and  r„  are  introduced,  which 
are  considered  to  be  proportional  to  the  hole  concen¬ 
trations,  but  approximately  independent  of  the  elec¬ 
tronic  system,  the  calculated  p  is  a  linear  function  of 
V  =  (?vvnAnw)('‘nAw)  Considering  the  term  rn/^nw  as  a 
parameter.  The  influence  of  this  term  itself  is,  how¬ 
ever,  not  so  obvious.  Fig.  3  shows  p  as  a  function 
of  ^nAnw  for  several  values  of  v.  While  in  the  limit 
of  very  low  hole  concentrations,  i.e.,  when 
which  corresponds  in  our  experiment  to  very  low  exci¬ 
tation  intensities,  the  measured  value  p  is  close  to  the 
value  of  ^vnAnw,  it  tends  to  unity  for  higher  excitation 
intensities.  The  measured  excitation  intensity  depen¬ 
dence  of  p  as  shown  in  Fig.  3  for  27  kV/cm  agrees 
well  with  the  calculated  dependence  of  p  on 
At  this  field  strength,  which  is  still  below  the  strong 
increase  of  the  current,  p  exhibits  its  maximum  value. 

Despite  these  complex  transport  behavior,  the  oc¬ 
cupation  ratio  r]  can  be  estimated  for  field  strengths 
above  the  electron  resonances.  Insofar  as  it  is  only  the 
barrier  thickness  (and  not  the  different  energetic  posi¬ 
tions  of  the  electron  and  hole  states  in  the  wells)  that 
determines  the  transport  properties,  rj  can  be  de¬ 
termined  from  the  measured  values  of  p  for  both 
polarities  in  the  limit  of  low  excitation  intensities 
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eliminating  the  proportionality  factors.  At  its  max¬ 
imum,  reaches  a  value  of  about  1.8.  Note,  how¬ 
ever,  that  a  precise  quantitative  discussion  would 
require  a  detailed  numerical  analysis  taking  into  ac¬ 
count  the  (electric-field  dependent)  transfer  rates  of 
electron  and  heavy-hole  states  through  the  different 
barriers. 

4.  Conclusions 

In  summary,  this  investigation  demonstrates  that 
PL  and  in  particular  anti-Stokes  PL  spectroscopy  of 
asymmetric  double  quantum  well  superlattices  can 
be  used  for  a  qualitative  discussion  of  the  occupation 
properties  of  the  quantum  well  states.  Characteris¬ 
tic  field  strengths  of  the  structure  can  be  correlated 
with  extrema  in  the  field  dependence  of  the  rela¬ 
tive  intensity  of  the  two  quantum  wells.  Although 


the  anti- Stokes  PL  gives  direct  evidence  that  both  elec¬ 
trons  and  holes  participate  in  the  transport  processes, 
a  strong  electric-field-dependent  population  inhomo¬ 
geneity  was  demonstrated  for  the  case  of  low  excita¬ 
tion  intensities.  Furthermore,  anti- Stokes  PL  seems  to 
be  a  very  useful  tool  to  investigate  carrier  transfer  in 
such  structures. 
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Abstract 

The  transmission  of  a  GaAs/AIGaAs  asymmetric  triple  quantum  well  structure  shows  strong  nonlinear  behavior  as  a 
function  of  the  incident  laser  intensity.  The  nonlinear  behavior  is  attributed  to  the  Stark  shift  due  to  the  triple  resonance  of 
three  electronic  states  in  the  conduction  band,  which  is  induced  by  the  optical  excitation.  The  pump  and  probe  measurement 
shows  that  the  build  up  of  internal  field  in  the  quantum  wells  is  achieved  within  a  few  pico-seconds  after  the  excitation.  © 
2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Triple  quantum  well;  Tunneling;  Stark  shift 


1.  Introduction 

In  an  application  of  a  coupled  quantum  well 
structure  to  electronic  or  photonic  devices,  build 
up  of  internal  field  due  to  the  transfer  of  elec¬ 
trons  between  quantum  wells  will  modify  the 
performance/characteristics  of  the  device/structure 
[1].  If  electrons  and  holes  are  generated  in  an  asym¬ 
metric  coupled  quantum  well  by  a  laser  pulse,  the 
electrons  will  transfer  between  quantum  wells  through 
a  thin  potential  barrier  by  the  resonant  tunneling  or 
phonon  assisted  tunneling  process.  Then  an  internal 
field  is  achieved  by  temporal  spatial  separation  of 
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electrons  and  holes  because  of  the  different  tunneling 
times  for  electrons  and  holes. 

In  this  paper,  we  will  demonstrate  ultra  fast  opti¬ 
cal  response  of  an  asymmetric  coupled  triple-quantum 
well  (ATQW)  by  the  switching  of  the  subband  lineup 
from  off-resonant  to  resonant  state  due  to  the  build  up 
of  internal  field. 


2.  Sample  structure  and  experimental  method 

The  sample  was  made  by  molecular  beam  epi¬ 
taxy  (MBE)  on  a  semi-insulating  (001)  GaAs 
substrate.  Fig.  1  shows  schematic  band  structure 
of  the  ATQW.  Three  nominally  undoped  GaAs 
quantum  wells,  of  widths  7.6,  8.8  and  10.8  nm 
and  separated  by  nominally  undoped  2  nm-thick 
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Fig.  1 .  Schematic  band  diagram  of  the  ATQW. 


Incident  light  Intensity  (kW/cm^) 


Fig.  2.  Non  linear  transmission  of  an  ATQW. 

Alo.3Gao.7As  barrier  layers,  are  embedded  between 
100  nm-thick  Alo.3Gao.7As  cladding  layers.  The  well 
widths  have  been  designed  so  that  three  electronic 
states  will  be  resonant  by  a  small  external  electric 
field  [2].  In  order  to  measure  the  transmission,  the 
GaAs  substrate  was  removed  by  selective  chemical 
etching.  The  absorption  spectrum  of  the  sample  at 
77  K  indicates  spectral  peaks  at  794,  800  and  806  nm, 
which  are  due  to  excitonic  absorption  in  each  quan¬ 
tum  well  (See  the  inset  of  Fig.  2.)  It  was  found  that 
the  spectral  peak  wavelengths  exhibit  strong  quan¬ 
tum  confined  Stark  shift  on  application  of  an  external 
electric  field  perpendicular  to  the  hetero-interface, 


and  occurrence  of  the  anti-crossing  of  three  electronic 
levels  was  confirmed  [3]. 

A  mode-locked  Ar^  laser-pumped  Ti-sapphire 
laser  (tunable  wavelength  from  750  to  850  nm  at  100 
MHz  repetition  rate)  was  used  as  the  pump  and  probe 
lights.  The  spectral  width  of  the  laser  was  0.5  nm  and 
the  pulse  width  was  2.5  ps.  The  experiments  were 
performed  at  77  K  by  dipping  the  sample  into  liquid 
nitrogen. 

3.  Optical  non-linearity  and  Stark  shift  of  the 
spectral  peaks  by  internal  field 

Fig.  2  shows  typical  time-integrated  transmission 
versus  incident  light  intensity  characteristics  of  the 
sample  at  different  wavelengths.  At  a  wavelength  of 
810  nm,  which  is  longer  than  the  spectral  peaks  due 
to  the  excitonic  absorption  in  the  sample  but  shorter 
than  the  fundamental  absorption  edge  of  bulk  GaAs, 
the  transmission  shows  slight  increase  as  the  incident 
light  intensity  increases.  This  shows  that  the  absorp¬ 
tion  of  GaAs  is  suppressed  by  the  strong  laser  beam. 
Further  increase  of  the  incident  power  enhances  the 
absorption  slightly,  the  variation  of  which  is  how¬ 
ever  monotonous.  If  the  wavelength  of  the  incident 
beam  is  short,  on  the  other  hand,  the  sample  exhibits 
anomalous  non-linear  behavior,  i.e.,  rapid  decrease 
at  2-3  kW/cm^.  Apparently,  the  threshold  intensity 
for  the  rapid  decrease  depends  on  the  wavelength. 
This  anomalous  non-linear  behavior  is  attributed  to 
the  modification  of  the  absorption  coefficient  by  the 
Stark  shift  of  the  electronic  states. 

In  order  to  confirm  the  mechanism,  the  integrated 
photoluminescence  (PL)  spectra  are  studied  using  the 
laser  beam  with  a  wavelength  of  794  nm  as  the  excita¬ 
tion  source.  By  this  resonant  excitation,  electrons  and 
holes  are  generated  in  the  narrowest  well  as  shown  in 
Fig.  1 .  Because  of  the  short  tunneling  time  of  electrons, 
they  are  expected  to  transfer  to  wide  wells  leaving 
holes  in  the  original  layer.  Then  the  spatial  separation 
of  electrons  and  holes  will  produce  an  electric  field  in 
the  quantum  wells,  which  in  turn  will  induce  the  Stark 
shift  of  the  PL  spectral  peaks.  The  phenomenon  will 
persist  during  the  lifetime  of  holes.  In  Fig.  3,  the  PL 
peak  wavelength  due  to  electron-hole  recombination 
in  the  widest  well  is  plotted  as  a  function  of  the  ex¬ 
citation  intensity.  In  the  lower  part  of  the  figure,  the 
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Electric  Field  (kV/cm) 


Fig.  3.  PL  peak  shift  as  a  function  of  excitation  intensity. 


transmission  of  the  excitation  laser  beam  is  shown  for 
comparison.  Obviously,  the  Stark  shift  is  accompanied 
by  the  non-linear  behavior  of  the  transmission. 

The  Stark  shift  of  the  electronic  states  on  applica¬ 
tion  of  an  external  electric  field  was  investigated  in 
detail  [3].  The  results  of  electro-reflectance  (ER)  mea¬ 
surements  have  been  reproduced  in  Fig.  3,  where  the 
scale  of  the  horizontal  axis  is  adjusted  to  get  the  best 
fit  between  the  ER  versus  Field  characteristics  and  PL 
versus  excitation  intensity  characteristics.  If  the  fitting 
is  accepted,  at  the  incident  laser  power  when  we  have 
found  anomalous  non-linear  behavior,  the  triple  res¬ 
onance  of  three  electronic  states  occurs  [4].  It  might 
be  surprising  that  a  laser  light  could  produce  such  a 
strong  internal  field  in  the  quantum  wells.  But  simple 
analysis  demonstrates  the  possibility  [5].  If  electrons 
and  holes  of  10'  ’  cm"^  are  generated  by  a  laser  pulse 
and  separated  from  each  other,  we  may  expect  an  elec¬ 
tric  field  of  14  kV/cm  in  the  AlGaAs  layer  which  is  in 
order  of  magnitude  agreement  with  the  observation. 
The  incident  laser  intensity  is  high  enough  to  give  rise 
to  a  kind  of  thermal  effect.  But  at  region  II  shown  in 
Fig.  3,  we  cannot  observe  red  shift  of  the  spectral  peak 
due  to  the  temperature  rise.  Thus,  we  may  conclude 
that  the  anomalous  behavior  is  due  to  the  Stark  shift 
induced  by  the  internal  electric  field. 
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Fig.  4.  Time  dependence  of  the  probe  beam  transmission. 


4.  Picosecond  response  of  the  transmission 

If  the  non-linear  behavior  is  due  to  the  spatial  sep¬ 
aration  of  the  electrons  and  holes,  the  appearance  of 
the  non-linearity  should  be  determined  by  the  tunnel¬ 
ing  time  of  electrons  and  holes.  In  this  section,  the 
time  dependence  of  the  non-linear  behavior  is  inves¬ 
tigated  with  pump  and  probe  method.  To  do  this,  the 
laser  pulse  train  was  divided  into  two  beams;  a  strong 
pump  beam  and  a  weak  probe  beam  which  was  given 
a  delay  time  t.  The  intensity  of  the  probe  beam  was 
less  than  0.4  kW/cm^.  The  transmission  of  the  probe 
beam  was  measured  as  a  function  of  the  delay  time  t. 

In  Fig.  4,  variation  of  the  probe  beam  intensity  is 
displayed  as  a  function  of  the  delay  time.  The  pump 
pulse  was  given  at  r  =  0.  It  is  notable  that  the  magni¬ 
tude  of  the  transmission  change  is  as  large  as  20%  of 
the  total  transmission,  which  is  more  than  two  orders 
of  magnitude  larger  than  the  value  expected  for  the 
transmission  change  due  to  the  accumulation  of  carri¬ 
ers  in  the  conduction  band.  Moreover,  the  fast  change 
is  an  increase  of  the  absorption  which  is  in  contrast  to 
the  effect  expected  for  the  bleaching  phenomena  [6]. 
Occasionally,  the  fast  decrease  of  the  transmission  was 
followed  by  gradual  increase,  which  depended  on  the 
wavelength  and  excitation  intensity.  If  the  excitation 
pump  intensity  was  low,  i.e,  if  it  was  in  the  region  of 
(I)  in  Fig.  3,  then  we  did  not  observe  the  rapid  de¬ 
crease  but  only  gradual  increase  of  the  probe  beam 
transmission  was  observed.  Thus,  the  gradual  increase 
of  the  transmission  shown  in  Fig.  4  is  attributed  to  a 
kind  of  bleaching  phenomenon. 
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Second  point  of  the  results  shown  in  Fig.  4  is  that 
the  maximum  change  is  achieved  at  15-20  ps  after 
the  excitation.  Considering  the  Gaussian  pulse  of  2.5 
ps  duration,  the  delay  is  too  long  to  be  interpreted  by 
the  change  of  the  reflectivity  with  the  carrier  density. 
Since  the  evolution  of  the  transmission  change  is  not 
expressed  by  a  simple  exponential  function,  any  fitting 
procedure  will  not  be  effective.  But  the  convolution 
of  the  results  with  a  Gaussian  probe  pulse  gives  a  rise 
time  of  the  order  of  8  ps,  which  should  represent  the 
time  necessary  for  the  internal  field  to  build  up. 

Generally,  the  radiative  recombination  lifetime  in 
a  quantum  well  is  of  the  order  of  1  ns,  and  the  hole 
tunneling  time  should  be  longer  than  100  ps  [7].  So 
the  hole  process  will  have  no  effect  on  the  trans¬ 
mission  change  observed  in  Fig.  4.  In  asymmetric 
coupled  quantum  wells,  the  tunneling  transfer  of  elee- 
trons  should  be  assisted  with  emission  or  absorption 
of  phonons.  In  the  present  case  the  difference  between 
the  two  energy  levels  is  only  several  meV  which  is 
much  smaller  than  the  LO-phonon  energy  of  GaAs,  so 
the  optieal  phonon  process  should  be  prohibited  at  77 
K.  On  the  other  hand,  the  transfer  time  due  to  acous¬ 
tic  phonon  process  is  expected  to  be  much  longer  [8]. 
Therefore,  if  the  rise  time  is  controlled  by  the  tunnel¬ 
ing  transfer  of  electrons,  the  short  time  of  8  ps  must 
be  due  to  resonant  tunneling  process.  Various  stud¬ 
ies  on  the  resonant  tunneling  of  eleetrons  in  GaAs 
QWs  suggest  that  the  tunneling  escape  time  through  a 
2  nm  AlojGao  jAs  barrier  is  of  the  order  of  2-3  ps  [9], 
whieh  is  shorter  than  the  rise  time  of  8  ps  observed  in 
the  present  case. 

Since  the  energies  in  the  conduction  band  are  de¬ 
signed  so  that  a  weak  field  eould  induce  the  triple 
resonance,  the  energy  separation  between  them  is  not 
so  large.  At  ^  =  0,  when  the  flat  band  eondition  is 
fulfilled,  electrons  can  transfer  with  off-resonant  con¬ 
dition,  which  is  a  rather  slow  proeess.  As  the  carrier 
density  in  the  wide  wells,  inereases  the  resonant  eon¬ 
dition  will  be  aehieved  and  the  transition  will  become 
fast.  Thus,  the  slightly  long  time  constant  observed  in 
Fig.  4  may  refleet  both  the  off-resonant  and  resonant 
conditions.  If  this  is  the  case,  we  are  observing  the 
transient  process  of  the  change  in  the  band  line-up  in 
the  conduction  band,  i.e.,  from  the  off  resonant  flat 


band  condition  to  the  triply  resonant  states.  The  de¬ 
tailed  study  with  femtosecond  time  resolution  will  be 
necessary  to  reveal  the  line  shape  of  the  transmission 
ehange.  The  realization  of  fast  response  of  the  ATQW 
suggests  an  application  of  the  structure  to  an  optical 
device  as  an  alternative  to  the  SEED  [10]. 

5.  Conclusion 

Nonlinear  transmission  of  a  GaAs/AlGaAs  asym¬ 
metric  triple  quantum  well  structure  has  been  in¬ 
vestigated  using  picosecond  pump-probe  method  at 
77  K.  A  rise  time  as  short  as  8  ps  of  the  variation  of 
the  transmission  was  demonstrated.  The  fast  response 
was  discussed  in  terms  of  the  tunneling  transfer  time 
of  electrons. 
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Abstract 

A  microscopic  many-body  theory  for  the  linear  and  nonlinear  optical  properties  of  semiconductor  superlattices  subjected  to 
electric  fields  is  presented.  The  approach  has  been  used  for  the  analysis  of  various  processes  related  to  the  Bloch-oscillation 
dynamics  of  carriers  in  static  fields  and  for  investigating  dynamical  localization  induced  by  alternating  fields.  It  is  shown 
that  the  theory  describes  very  well  experimental  field-modulated  absorption  spectra  of  a  strongly  coupled  superlattice. 
Furthermore,  characteristic  signatures,  such  as  negative  absorption  in  the  short-pulse  optical  response  of  superlattices  subjected 
simultaneously  to  static  and  alternating  electric  fields  are  predicted.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Semiconductor  superlattices;  Electric-field-induced  effects;  Many-body  theory 


1.  Introduction 

During  the  last  decade  the  dynamics  of  photoex¬ 
cited  carriers  in  semiconductor  superlattices  (SL)  with 
electric  fields  has  attracted  considerable  attention.  One 
of  the  early  objectives  was  the  direct  time  domain 
observation  of  Bloch  oscillations  (BO),  i.e.  the  co¬ 
herent  AC -motion  of  carriers  induced  by  a  DC  elec¬ 
tric  field,  which  had  been  predicted  a  long  time  ago 
[1,2].  The  observability  of  BO  as  modulations  of  the 
time-integrated  four-wave-mixing  signal  in  SL  was 
predicted  in  Ref.  [3]  and  experimentally  verified  in 
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Ref  [4].  One  year  later,  also  the  observation  of  the 
coherent  intraband  emission  due  to  Bloch-oscillating 
carriers,  which  typically  has  a  Terahertz  frequency, 
has  been  reported  [5].  During  the  following  years 
there  has  been  a  rapid  development  in  the  experi¬ 
mental  work  on  field-induced  effects  in  semiconduc¬ 
tor  SL.  This  research  led,  for  example,  to  the  exper¬ 
imental  realization  of  BO  at  room  temperature  [6], 
indicating  that  they  could  potentially  be  used  in  ac¬ 
tual  devices.  Moreover,  BO  have  been  observed  in  the 
Terahertz  emission  of  electrons  excited  high  above 
the  band  gap  resonantly  with  the  edge  of  the  second 
miniband  [7]  and  the  field-induced  ionization  of  ex- 
citons  in  SL  has  been  investigated  using  four-wave 
mixing  [8].  Quite  recently,  the  spatial  displacement  of 
Bloch-oscillating  electrons  could  be  measured  using 
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spectrally  resolved  four-wave  mixing  [9],  In  the  mean¬ 
time  BO  have  also  been  seen  in  atomic  systems  [10 
-12],  nicely  demonstrating  that  Zener’s  original  pre¬ 
diction  is  indeed  a  quite  general  quantum-mechanical 
phenomenon  that  can  be  observed  in  a  variety  of  phys¬ 
ical  systems. 

Many  details  of  the  experimentally  observed  tem¬ 
poral  traces  associated  with  BO  have  been  interpreted 
on  the  basis  of  theoretical  developments,  which  pro¬ 
ceeded  parallel  to  the  experimental  work.  The  theory 
is  able  to  predict  and  interpret  such  details  as  exci- 
tonic  effects  in  linear  and  nonlinear  optical  signals,  as 
well  as  the  damping  of  the  coherent  motion  due  to 
electron-phonon  and  electron-electron  scattering  and 
due  to  the  presence  of  disorder  on  the  basis  of  a  real¬ 
istic  three-dimensional  model  of  a  biased  SL.  For  re¬ 
cent  reviews  on  the  theoretical  developments  see  Refs. 
[13-15]. 

Also  in  SL  in  AC  electric  fields  interesting  effects 
may  arise.  As  for  example  predicted  in  Refs.  [  1 6, 1 7]  an 
AC  field  with  an  appropriately  chosen  amplitude  and 
frequency  may  induce  dynamical  localization  (DL). 
The  strong  AC  field  required  for  the  observation  of 
the  predicted  effects  can  be  supplied  by  a  free-electron 
laser.  Indeed,  such  strong  AC  fields  were  successfully 
used  to  observe  multiphoton-assisted  tunneling  [18], 
absolute  negative  conductance  [19],  and  the  inverse 
Bloch-oscillator  [20]  in  SL.  Distinct  signatures  of  DL 
were  also  found  in  the  measurements  reported  in  Refs. 
[19,21]  and  the  existence  of  DL  has  been  verified  re¬ 
cently  in  atomic  systems  [22,23]. 

In  Section  2  of  this  paper,  we  briefly  review 
our  theoretical  approach  which  is  based  on  a  full 
anisotropic  three-dimensional  description  of  the  SL 
in  homogeneous  external  electric  fields  and  includes 
many-body  Coulomb  interactions  among  the  carriers, 
as  well  as  caiTicr-LO-phonon  interactions  [24-29]. 
We  then  focus  on  linear  optical  absorption  spectra  of 
SL  in  electric  fields.  It  is  shown  in  Section  3  that  our 
theoretical  model  is  able  to  reproduce  the  measured 
DC  field-dependent  absorption  spectra  of  a  strongly 
coupled  GalnAs/InP  SL.  Even  the  very  sensitive 
field-modulated  spectra,  which  give  direct  access  to 
the  field-dependence  of  optical  resonances  such  as 
energetic  shifts,  change  in  strength,  and  broadening, 
are  reproduced  by  our  model.  Numerical  results  on 
the  short-pulse  linear  optical  absorption  spectra  of 
SL  subjected  simultaneously  to  AC  and  DC  fields 


are  presented  in  Section  4.  It  is  shown,  that  an  AC 
field  component  introduces  distinct  signatures  in  the 
absorption  spectra.  Furthermore,  it  turns  out  that  the 
phase  of  the  AC  field  is  relevant  and  that  there  may 
be  spectral  regions  of  negative  absorption  present  in 
the  strongly  driven  system.  Our  results  are  briefly 
summarized  in  Section  5. 


2.  Theory 

The  electronic  wave  functions  used  as  a  basis  set 
to  describe  anisotropic  SL  have  been  described  in 
detail  in  Ref  [24].  The  wave  functions  are  factor¬ 
ized  into  products  of  plane  waves  associated  with  the 
two-dimensional  motion  within  the  quantum  wells  that 
form  the  SL,  and  Bloch  functions  associated  with  the 
growth  direction.  For  the  in-plane  dispersion,  i.e.  per¬ 
pendicular  to  the  growth  direction,  we  use  an  effective 
mass  model,  whereas  the  dispersion  in  the  growth  di¬ 
rection  of  the  SL,  as  well  as  the  corresponding  wave 
functions,  are  obtained  by  solving  the  Kronig-Penney 
model.  Within  this  model  we  maintain  the  anisotropy 
of  the  SL  and  the  dispersion  has  a  cylindrical  symme¬ 
try,  i.e.  it  depends  on  (z  denotes  the  growth  direc¬ 
tion)  and  on  the  absolute  value  of  k^y  [24]. 

The  Hamiltonian  governing  the  coherent  dynam¬ 
ics  of  photoexcited  SL  includes  the  single-particle 
terms  of  electrons  and  holes,  their  interactions  due 
to  the  Coulomb  potential,  as  well  as  the  optical 
dipole-coupling  between  valence  and  conduction 
bands  induced  by  the  light  field  [13,15].  Homoge¬ 
neous  electric  fields,  in  general,  lead  to  different  types 
of  terms.  We  take  the  intraband  acceleration  due  to 
the  electric  field  into  account,  as  described  in  Refs. 
[24-27].  Other  terms  which  describe  Zener  transi¬ 
tions  between  bands  and  subbands  and  field-induced 
renormalizations  of  the  bandstructure  are  neglected 
because  they  can  be  assumed  to  be  of  minor  impor¬ 
tance  [25-27].  The  resulting  Hamiltonian  is  given 
explicitly  in  Refs.  [13,15]. 

As  dynamic  variables  we  consider  the  electron  and 
hole  populations  as  well  as  the  corresponding  inter¬ 
band  polarizations  [13,15,25]: 

flk  =  (c,- f'lk  =  {d],kdj.k)^ 

Pji,k  =  {dj.-kCi,k}- 


(1) 
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Here,  {d] creates  and  (dyk)  destroys  an 
electron’ (a  hole)  with  wave  vector  k  in  band  i(J). 
The  equations  of  motion  for  the  quantities  in  Eq.  ( 1 ) 
are  obtained  from  the  Heisenberg  equation.  Due  to 
the  many-body  Coulomb  interaction  these  two-point 
variables  couple  to  higher-order  correlations,  which 
are  represented  by  four-point  functions,  i.e.  we  run 
into  the  usual  many-body  problem  of  having  an  in¬ 
finite  hierarchy  of  equations  of  motion.  To  close  the 
equations  for  our  dynamic  variables  at  the  lowest 
level  we  apply  the  time-dependent  Hartree-Fock  ap¬ 
proximation,  i.e.  we  factorize  four-point  variables 
into  products  of  two-point  variables  [28].  Within 
such  an  approximation  scheme,  first-order  Coulomb 
terms,  which  give  rise  to  important  excitonic  effects, 
are  included.  The  resulting  equations,  the  multisub¬ 
band  semiconductor  bloch  equations  (SEE)  including 
the  action  of  the  electric  field  are  given  below  and 
have  been  presented  and  solved  numerically  in  Refs. 
[13,15,25,29,30]. 


0  eF  .  Q 
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coll 


(2) 


—  A.  —  .  w.  \  f'' 
dt 


^  U^'MPhx  -  ^hkPP'.K)  + 


coll 


(3) 


6  eF  „  , 


ihfy, 


+  “  flk  "  f)-k)  + 


^Pji,k 


dt 


,  (4) 


coll 


where 


i'fk' 


and 


ii'  ,k 


=4kh'-  E  )fkk"^ 

i'kk" 


yhh/k,k'\k,k'\ 


^jjkk  -  ^yk^JJ' 


)/>',/ 


(6) 


are,  respectively,  the  renormalized  Rabi-frequencies 
(field  renormalization)  and  electron  and  hole  energies 
(band-gap  renormalization)  [28].  In  Eqs.  (2)-(6),  V 
is  the  Coulomb  matrix  element,  /i  is  the  optical  dipole 
matrix  element  between  conduction  and  valence-band 
states,  are  the  single-particle  energies,  and  F  is 
the  electric  field.  Effects  beyond  the  Hartree-Fock  ap¬ 
proximation  and  further  interactions  of  the  carrier  with 
other  quasiparticles  are  formally  represented  by  the 
collision  terms  denoted  by  |coii-  The  total  polariza¬ 
tion  that  determines  optical  experiments  is  given  by 
F  =  J2ij,k 

Besides  the  terms  describing  the  electronic  dynam¬ 
ics  alone,  also  electron-LO-phonon  coupling  has  been 
treated  up  to  second  order  within  the  Markov  approx¬ 
imation  [24,25,30].  Electron-phonon  coupling  results 
in  dephasing  of  both  infra-  and  interband  polarizations 
as  well  as  energy-relaxation  processes  [24,25,30].  In 
order  to  describe  highly  excited  systems  we  have  also 
included  static  screening  in  the  model  [29,31]. 

Solving  the  coherent  part  of  the  SL-SBE  within 
the  A:-space  basis  as  described  by  Eqs.  (2)-(6)  yields 
identical  results  as  using  a  Wannier-Stark  (WS)  ba¬ 
sis  set  for  the  electronic  wave  functions  associated 
with  the  growth  direction  [14,30].  As  is  discussed  in 
Ref.  [30],  however,  for  the  case  of  electron-phonon 
coupling  the  numerical  results  may  depend  on  the  ba¬ 
sis  set  due  to  the  Markov  approximation  used  in  the 
second-order  description  of  scattering  processes. 

Going  beyond  the  Hartree-Fock  approximation  for 
the  Coulomb  interaction  by  considering  second-order 
terms  [32]  or  even  four-point  functions  [33]  is  nu¬ 
merically  a  very  demanding  task  for  anisotropic  SL 
even  on  the  fastest  supercomputers  available  nowa¬ 
days.  Therefore,  so  far  no  such  systematic  extension 
for  three-dimensional  anisotropic  systems  has  been 
reported.  In  Refs.  [15,31],  however,  numerical  re¬ 
sults  on  the  intraband  Teraherz  emission  including 
second-order  terms  within  a  mean-field  approxima¬ 
tion,  which  can  be  regarded  as  carrier-carrier  scat¬ 
tering  events,  are  presented.  Such  calculations  are 
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possible,  because  these  terms  can  be  evaluated  ex¬ 
tremely  efficiently  via  a  Monte  Carlo  simulation. 
Unfortunately,  this  is  not  the  case  for  other  terms 
appearing  in  the  same  order  of  the  Coulomb  inter¬ 
action, 

3.  Field-dependent  absorption  of  a  strongly  coupled 
superlattice 

In  Ref  [34]  it  is  demonstrated  that  numerical  so¬ 
lutions  of  the  SL-SBE  reproduce  field-dependent 
and  even  field-modulated  absorption  spectra  of  a 
GalnAs/lnP  SL  exclusively  in  the  regime  of  WS  lo¬ 
calization.  Here  we  show  that  our  theoretical  model 
is  able  to  reproduce  the  field-modulated  absorption 
spectra  of  another  strongly  coupled  GalnAs/InP  SL 
consisting  of  21 -periods  with  4.9  nm  thick  wells  of 
Gao.47lno,53As  and  1.7  nm  thick  InP  barriers,  how¬ 
ever,  over  a  broad  range  of  field  strengths.  The 
miniband  width  of  the  electron  and  heavy-hole  bands 
of  the  GaTnAs/InP  SL  was  estimated  from  solving 
the  Kronig-Penney  model  to  be  100  and  0.7  meV, 
respectively. 

The  experiments  are  perfoimed  at  a  temperature  of 
T  —  20  K  and  the  differential  electroabsorption  spec¬ 
tra  are  obtained  by  lock-in  technique  with  a  modula¬ 
tion  voltage  of  ±20  mV  corresponding  to  a  modula¬ 
tion  field  of  AF  =  ±0.25  kV/cm.  To  model  the  differ¬ 
ential  electroabsorption  we  first  have  to  consider  the 
field-dependent  absorption  a(co,F).  This  is  obtained 
from  the  polarization  density  P(oj,F)/V  induced  by 
the  field  F(cu)  via 


where  n  is  the  background  refractive  index.  To  ac¬ 
count  for  line  broading  we  use  a  phenomenological 
dephasing  time  Ti  =  600  fs  in  Eq.  (4)  and  further  in¬ 
troduce  inhomogeneous  broadening  via  averaging  the 
spectra  with  a  Gaussian  of  10.6  meV  full-width  at 
half-maximum  (FWHM).  The  differential  electroab¬ 
sorption  spectiiim  at  the  field  F  is  then  obtained  as  the 
difference  of  the  absorption  spectra  via 

Aa(m,F)  =  (x(co,F  ±  AF)  -  a(cu,F  -  AF).  (8) 

A  comparison  between  the  experimental  and  the¬ 
oretical  differential  electroabsorption  spectra  for  var¬ 
ious  fields  is  displayed  in  Fig.  1.  Considering  that 


energy  (eV) 


Fig.  1.  Experimental  (solid)  and  theoretical  (dashed)  field- 
modulated  absorption  spectra  Aa  of  a  Gao.47Ino.53As/InP  super- 
lattice  with  4.9  nm  well  and  1 .7  nm  barrier  width  for  various  DC 
fields  as  indicated  in  the  figure. 

differential  spectra  are  very  sensitive  to  even  small 
field-induced  absorption  changes,  we  find  an  amaz¬ 
ingly  good  agreement  between  experiment  and  the¬ 
ory  over  a  broad  range  of  fields,  covering  the  weak 
field  Franz-Keldysh  regime,  as  well  as  intermediate 
fields  up  to  the  strong  field  regime  of  WS  localiza¬ 
tion.  For  small  DC  field,  the  field-dependent  absorp¬ 
tion  is  dominated  by  the  Franz-Keldysh  effect.  It  leads 
to  well-known  modulations  of  the  absorption  near  the 
lower  and  the  upper  miniband  edges,  see  Fig.  1  for 
F  =  3  and  4  kV/cm.  For  these  small  fields  Aa  van¬ 
ishes  in  the  middle  of  the  miniband  because  of  the 
finite  coherence  length  [35].  With  increasing  field, 
the  Franz-Keldysh  oscillations  originating  from  the 
lower  and  the  upper  miniband  edges  extend  over  a 
broader  spectral  range  and  meet  in  the  miniband  cen¬ 
ter,  see  Fig.  1  for  F  8  kV/cm.  In  the  intermediate 
field  regime  the  differential  electroabsorption  spectra 
are  very  complicated  and  are  determined  by  interfer¬ 
ences  of  both  sets  of  Franz-Keldysh  oscillations  as 
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well  as  oscillations  which  indicate  the  onset  of  WS 
localization.  For  even  stronger  fields,  the  spectra  are 
dominated  by  the  WS  localization,  which  introduces 
distinct  signatures  in  the  differential  electroabsorption 
spectra  [34].  For  F  —  55  kV/cm  the  central  excitonic 
WS  transition  v  =  0  which  occurs  close  to  the  cen¬ 
ter  of  the  miniband  at  approximately  0.93  eV,  shows 
a  positive  Aa.  This  means  that  this  transition  gains 
oscillator  strength  with  increasing  field  as  expected 
for  field-induced  localization.  On  the  other  hand,  the 
first-order  excitonic  WS  transitions  v  =  —  1,  -h  1 ,  which 
appear  for  F  =  55  kV/cm  approximately  at  0.89  and 
0.97eV,  respectively,  show  a  predominantly  dispersive 
Aa.  This  lineshape  just  reflects  the  shift  of  these  res¬ 
onances  away  from  band  center  with  increasing  field. 

Whereas  the  overall  agreement  between  the  experi¬ 
mental  and  theoretical  spectra  displayed  Fig.  1  is  very 
good  and  for  some  fields  even  excellent,  one  can  see 
some  deviations  which  are  particularly  strong  near  the 
lower  miniband  edge  between  F  =  22  and  35  kV/cm. 
At  present,  we  have  no  obvious  explanation  for  this 
deviation  and  further  studies  are  required  to  clarify 
this  point. 

4.  Linear  spectra  of  a  superlattice  in  static  and 
alternating  fields 

For  static  fields  along  the  growth  direction  of  a  SL 
the  field-dependent  optical  absorption  is  dominated  by 
the  Franz-Keldysh  effect  in  the  weak  field  limit  and 
by  the  WS  localization  for  rather  strong  fields  [14,15]. 
AC  fields  have  been  shown  to  reduce  the  SL  miniband 
width  and  may  even  induce  a  band  collapse  if  the 
conditions  for  DL  are  fulfilled  [16,17,25].  Due  to  the 
change  of  the  electronic  dispersion  also  the  spectral 
position  of  the  SL  exciton  shifts  with  an  AC  field  [25]. 
If  the  SL  is  subjected  to  both  AC  and  DC  fields  the 
SL  absorption  may  show  interesting  signatures  which 
are  discussed  in  the  following. 

We  use  a  GaAs/AlojGaojAs  SL  with  9.7  nm  well 
and  1 .7  nm  barrier  width.  The  widths  for  the  lowest 
electron  and  heavy-hole  minibands  are  1 8  and  2  meV, 
respectively.  The  electric  field  is  taken  as 

F(?)  =  T^dc  “  T^ac  sin(coAC^  +  ^)-  (9) 

With  such  a  field  Eq.  (4)  is  solved  using  72  =  1  ps 
for  excitation  with  a  short  10  fs  optical  pulse  arriving 


energy  (eV) 

Fig.  2.  Absorption  spectra  of  a  GaAs/Alo.3Gao.7As  superlattice 
with  9.7  nm  well  and  1.7  nm  barrier  width.  The  DC  field  is 
taken  to  be  15  kV/cm  and  the  AC  field  has  a  frequency  of 
fuo^c  =  10  meV.  (a)  Dependence  on  the  amplitude  of  AC  field 
for  <P  =  0:  Fac  =  0  kV/cm  (solid),  Fac  =  3  kV/cm  (dashed), 
F^c  =  5  kV/cm  (dotted),  and  Fac  =  10  kV/cm  (dashed-dotted), 
(b)  Dependence  on  phase  of  AC  field  for  Fac  =  10  kV/cm:  =  0 
(solid),  0  =  -njl  (dashed),  and  <P  =  7i/2  (dotted).  The  arrows 
indicate  spectral  positions  of  photonic  sidebands  of  the  v  =  —  1 
and  0  Wannier-Stark  transitions. 

at  ^  =  0  and  the  linear  absorption  a(a),F)  is  obtained 
via  Eq.  (7). 

The  absorption  spectra  with  AC  and  DC  field  are 
displayed  in  Fig.  2.  Without  any  AC  field  component 
we  see  in  Fig.  2(a)  two  peaks  in  the  spectra  which  are 
the  weak  v  =  -1  and  the  strong  v  =  0  excitonic  WS 
transitions.  With  an  AC  field  component  additional 
peaks  appear  in  the  spectra  which  are  energetically 
separated  from  the  v  =  0  and  - 1  WS  excitons  by  mul¬ 
tiples  of  flcoAc,  which  is  just  the  photon  energy  of  the 
AC  field.  Thus,  the  absorption  maxima  in  the  presence 
of  an  AC  field  can  be  understood  qualitatively  sim¬ 
ply  as  photonic  sidebands.  Related  terahertz  optical 
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sidebands  have  been  observed  on  magnetoexeitons 
[36].  Another  feature  present  in  the  speetra  in  Fig.  2(a) 
is  the  appearance  of  a  broad  region  with  negative  ab¬ 
sorption,  i.e.  optical  gain,  spectrally  below  the  v  =  —  1 
WS  exciton. 

Similar  results  on  negative  optical  absorption  have 
been  reported  the  for  the  so-called  A-  and  V -type  three 
level  systems  that  are  coherently  coupled  to  strong  AC 
fields.  The  analysis  has  shown  that  in  such  strongly 
driven  systems  it  is  possible  to  have  negative  absorp¬ 
tion  without  an  interband  population  inversion  [37,38]. 
In  these  systems  the  population  inversion  that  is  usu¬ 
ally  needed  to  have  negative  absorption  is  replaced  by 
the  coherence  introduced  by  an  AC  field. 

As  is  shown  in  Fig.  2(b),  the  absorption  line  shape 
depends  sensitively  one  the  phase  of  the  AC  field  with 
respect  to  the  short  optical  pulse  that  measures  the 
absorption.  Whereas  for  (P  =  0  there  is  a  broad  spectral 
region  with  negative  absorption  present  below  the  v  = 
-1  WS  exciton,  for  =  n/l  and  -k/I  it  is  absent. 
For  ^  =  — 7r/2,  on  the  other  hand  negative  absorption 
appears  directly  at  the  v  =  -1  WS  exciton  and  ^cuac 
below. 

Similar  results  including  the  possibility  of  negative 
absorption  and  the  phase  sensitivity  of  the  absorption 
spectra  have  been  presented  recently  in  Ref.  [39]  on 
the  basis  of  a  simplified  model  that  considered  only  the 
Is  excitons.  The  results  presented  here  include  higher 
exciton  and  continuum  states  allowing  us  to  give  a 
much  more  realistic  description  of  the  absorption  spec¬ 
tra.  For  example,  the  broad  spectral  region  of  negative 
absorption  that  has  been  discussed  above  is  probably 
missed  if  only  the  Is  excitons  are  considered. 

5.  Summary 

In  this  paper,  we  briefly  review  a  theoretical  ap¬ 
proach,  based  on  the  anisotropic  three-dimensional  de¬ 
scription  of  the  SL  in  homogeneous  external  electric 
fields,  which  allows  us  to  calculate  linear  and  non¬ 
linear  optical  properties.  We  focus  on  two  examples 
of  linear  optical  absorption  spectra  of  SL  in  elec¬ 
tric  fields.  It  is  demonstrated  that  the  model  appropri¬ 
ately  describes  field-modulated  absorption  spectra  of 
a  strongly  coupled  GalnAs/InP  SL.  Numerical  results 
on  the  short-pulse  linear  optical  absorption  spectra  of 
SL  subjected  simultaneously  to  AC  and  DC  fields  re¬ 


veal  that  strong  high-frequency  AC  fields  introduce 
distinct  signatures  in  the  absorption  spectra  if  a  DC 
field  is  present.  In  particular,  the  possibility  of  having 
negative  absorption  has  been  demonstrated. 
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Abstract 

We  study  the  interminiband  absorption  in  a  GaAs/AlGaAs  superlattice  under  the  application  of  an  electric  field  along 
the  growth  axis.  While  transport  shows  domain  formation  and  next-nearest  tunneling  of  electrons,  the  infrared  absorption 
spectrum  is  strongly  modified  and  reveals  transitions  to  Zener-coupled  Wannier-Stark  ladders  far  in  the  continuum.  ©  2000 
Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Supciiattice;  Wannier-Stark  ladder;  Interminiband  absorption;  Tunneling 


Upon  application  of  an  electric  field  along  the 
growth  axis,  intersubband  transitions  exhibit  Stark 
shifts  [1,2],  transfer  of  oscillator  strengths  in  cou¬ 
pled  quantum  wells  [3],  or  localization-induced 
line-narrowing  of  transitions  into  the  continuum  [4]. 
Strongly  coupled  superlattices  (SLs)  behave  dif¬ 
ferently  in  several  respects.  First,  the  intersubband 
absorption  is  known  to  extend  over  a  certain  spec¬ 
tral  width,  which  corresponds  to  the  widths  of  the 
minibands  involved  in  the  transition.  It  has  been 
shown  that  the  oscillator  strength  is  distributed  over 
the  mini-Brillouin  zone,  with  the  maximum  at  the 
zone-edge  [5,6].  This  has  found  application  in  super¬ 
lattice  cascade  lasers  [7].  In  a  vertical  electric  field, 
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they  show  negative  differential  resistance  (NDR) 
[8],  Bloch  oscillations  [9]  and  the  formation  of  a 
Wannier-Stark  ladder  (WSL)  [10,11].  These  phe¬ 
nomena  have  been  studied  using  transport  [8]  and 
infrared  emission  (in  doped  SLs)  [12]  as  well  as  by 
optical  methods  (in  undoped  SLs)  [9].  The  evolution 
of  the  inter-miniband  absorption  spectrum  in  a  ver¬ 
tical  electric  field,  however,  has  not  been  studied  to 
date.  Yet  it  could  yield  new  insight  into  the  above 
phenomena,  especially  when  transport  and  infrared 
optical  techniques  are  combined.  In  the  mid-infrared 
one  can  use  the  inter-miniband  absorption  spectrum 
to  observe  the  modification  of  the  electron  distribu¬ 
tion  function  in  the  electric  field  [13]  or  the  break-up 
of  the  minibands  into  Wannier-Stark  ladders.  In  the 
far-infrared  (or  THz)  it  has  been  predicted  that,  under 
conditions  of  NDR  and  Bloch  oscillations,  optical 
gain  occurs  below  the  Bloch  frequency  [14]. 
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Fig.  1.  Interminiband  transmission  spectrum  for  zero  electric  field. 
The  inset  shows  a  schematic  of  the  absorption  process.  The  main 
absorption  and  the  high-energy  shoulder,  related  to  the  critical 
points,  are  indicated  by  arrows. 

Here  we  report  on  an  experiment,  which  combines 
transport  and  intersubband  absorption  in  a  biased 
superlattice.  Due  to  the  high  currents,  inevitably 
occurring  in  vertical  transport  of  strongly  coupled 
superlattices,  it  is  difficult  to  use  the  same  sample 
also  for  IR  absorption  measurements,  which  usu¬ 
ally  require  a  relatively  large  sample  size.  Therefore 
we  designed  a  SL  (300  periods  of  50  A  GaAs  and 
80  A  Alo.29Gao,7i As)  with  a  relatively  narrow  first 
miniband  (width  A\  =  1.2  meV),  to  keep  the  cur¬ 
rent  density  low,  but  a  rather  wide  second  miniband 
{A2  =30meV),  to  achieve  strong  coupling  between 
the  adjacent  wells  via  the  excited  states.  The  doping 
was  n  =  225  x  10’’  cm^^  per  period.  The  second 
miniband  is  located  right  above  the  barriers  in  the 
continuum  (see  inset  of  Fig.  1). 

Fig.  1  shows  the  zero-field  interminiband  absorp¬ 
tion  spectrum  of  the  superlattice,  obtained  by  the  ratio 
of  the  p-polarized  (active)  to  the  s-polarized  (inactive) 
transmission  signal,  measured  in  a  multi-pass  waveg¬ 
uide  geometry  on  a  sample  with  several  etched  1-mm^ 
mesas.  The  main  absorption  maximum  at  162  meV 
and  the  high-energy  shoulder  at  1 80  meV  (both  indi¬ 
cated  by  arrows  in  Fig.  1)  are  due  to  the  well-known 
singularities  of  the  joint  density  of  states  at  the 
center  and  the  edge  of  the  mini-Brillouin  zone,  re¬ 
spectively.  (A  calculated  zero-field  interminiband 
absorption  spectrum  is  shown  below  in  the  lowest 
curve  of  Fig.  4.) 

Due  to  the  relatively  narrow  width  of  the  first  mini¬ 
band,  we  can  expect  sequential  tunneling  rather  than 


Fig.  2,  Low-bias  part  of  the  SL  current-voltage  characteristic 
measured  on  a  200  pm  mesa  at  7  =  10  K.  The  spacing  of  the 
sharp  NDRs  is  J^90  meV.  The  inset  shows  the  conduction-band 
edge  near  the  boundary  of  the  low-  and  high-field  domain  together 
with  a  schematic  of  the  transport  process. 


miniband  transport  to  be  the  transport  mechanism  at 
low  bias  [15].  This  is  also  evident  in  the  current- 
voltage  characteristic,  which,  after  an  ohmic  onset, 
exhibits  300  sharp  NDRs  with  a  spacing  of  approx¬ 
imately  90  meV  (shown  in  Fig.  2  only  up  to  2V). 
At  300  X  90  mV  =  21  W  the  current  rises  steeply  [16] 
(not  shown).  Such  a  behavior  is  well  known  in  weakly 
coupled  SLs  and  is  due  to  sequential  tunneling  and 
domain  formation  [17,18].  The  present  case,  however, 
is  quite  distinct,  since  from  the  NDR  spacing  of  90 
meV  (i.e.  half  the  subband  spacing),  it  follows  that  in 
the  high-field  domain  the  electrons  tunnel  to  the  sec¬ 
ond  subband  in  the  next-nearest  SL  period  (and  not 
the  adjacent  period,  as  usually  observed,  see  inset  of 
Fig.  2). 

The  IR  absorption  experiments  under  bias  were 
performed  on  1-mm^-size  mesas  with  a  Bruker 
IFS66  Fourier-transform  spectrometer  operated  in  a 
gated  step-scan  mode  [13].  The  transmission  was 
measured  during  the  10-p.s  voltage  pulse  and  some 
10  ps  later  as  a  reference.  The  resulting  transmis¬ 
sion  change  T{F)IT{F  =  Q)  is  plotted  in  Fig.  3 
for  a  series  of  bias  voltages.  Note  that  the  minima 
in  the  signal  correspond  to  decreased  transmission, 
i.e.  they  essentially  correspond  to  absorption  lines 
induced  by  the  electric  field  (marked  by  arrows). 
The  spectral  positions  of  the  differential  absorp¬ 
tion  features  hardly  change  with  bias  voltage,  but 
their  magnitude  increases  and  reaches  up  to  30% 
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Fig.  3.  DilTcrcntial  transmission  spcctiiim  (7’(F)/r(0))  of  the 
supcrialticc  for  a  series  of  bias  voltages  between  8  and  30  V. 
Minima  essentially  correspond  to  elcctric-ficld-induccd  absorption 
lines  (marked  by  arrows). 

at  the  highest  voltage.  This  is  a  eonsequence  of  the 
non-homogeneoiis  eleetrie-field  distribution  in  the  SL. 
In  the  present  range  of  bias  voltages,  the  SL  eonsists 
of  a  low-field  domain,  where  the  eleetrie  field  is  nearly 
zero  (ground-state-to-ground-state  tunneling)  and  a 
high-held  domain,  where  the  electric  held  is  approx- 
imatcly  F  =  (£21  )led  =  85  mV/130  A  =  65  kV/cm 
(tunneling  into  the  second  subband  in  the  next-nearest 
SL  period).  Increasing  the  voltage  only  increases 
the  relative  length  of  the  high-elcctric-hcld  domain, 
resulting  in  a  larger  optical  signal. 

Understanding  the  transmission  spectra  of  Fig.  3  re¬ 
quires  a  calculation  of  the  absorption  coefficient,  a,  un¬ 
der  bias.  This  has  been  performed  using  a  finite  system 
of  19  SL  periods  and  a  phenomenological  Lorentzian 
broadening  of  T  =  7  meV  (HWHM)  of  each  transi¬ 
tion  [16].  The  result  is  plotted  in  Fig.  3  for  electric 
fields  from  F  =  0  up  to  F  —  70  kV/cm.  Only  up  to 
20  kV/cm  the  splitting  of  the  interminiband  absorp¬ 
tion  into  a  regular  WSL  can  be  obseiwcd.  At  higher 
fields,  strong  mixing  of  several  continuum  WSLs  oc¬ 
curs  due  to  Zener  coupling  [19].  For  direct  comparison 
with  the  experiment,  the  quantity  a(0)  —  a(F),  which 
is  proportional  to  the  measured  transmission  change 


100  150  200  250  300 


Energy  (meV) 

Fig.  4.  Absorption  coefficient  calculated  for  electric  fields  fi'om  0 
to  70  kV/cm.  In  addition,  the  transmission  change  is  shown  for  50, 
60,  and  70  kV/cm  in  the  upper  panel  to  facilitate  comparison  with 
the  experiment  (see  text).  The  experimentally  relevant  60  kV/cm 
spectra  are  plotted  with  thicker  lines  (compare  with  Fig.  2). 

r(F)/r(0),  is  plotted  in  the  upper  panel  of  Fig.  4. 
Most  of  the  experimental  features  can  be  reasonably 
well  reproduced  for  a  field  of  F  =  60  kV/cm  (drawn 
by  thicker  lines  for  clarity);  only  the  maximum  at 
?^180  meV  is  larger  than  predicted.  The  above  field 
con'esponds  to  a  voltage  drop  of  80  meV  per  SL  pe¬ 
riod,  which  is  very  close  to  half  the  energy  separation 
F21 ,  and  thus  confirms  the  tunneling  to  the  next-nearest 
SL  period. 

A  more  graphical  understanding  of  the  transitions 
dominating  the  absorption  spectrum  can  be  obtained 
by  using  a  classification  of  the  energy  levels  in  terms 
of  pure  WSL  quantum  numbers,  +  peFd 

(neglecting  the  interaction  due  to  Zener  coupling  for 
the  moment)  [10].  Such  an  assignment  can  be  done 
by  inspecting  in  detail  the  wave  functions  and  oscilla¬ 
tor  strengths  over  several  SL  periods  and  is  shown  in 
Fig.  5.  (Transitions  from  a  state  \m  =  1,  p)  to  \m\p') 
are  written  as  (m\p'  —  p)  for  brevity.)  The  main 
parts  of  the  relevant  wave  functions  are  indicated  by 
bold  lines  and  the  calculated  absorption  coefficient  is 
shown  for  comparison.  The  main  observed  transitions 
(indicated  by  arrows)  are,  from  low  to  high  energies, 
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Fig.  5.  Conduction-band  profile,  energy  levels  and  squared  wave  functions  drawn  for  four  superlattice  periods  with  an  electric  field  of  60 
kV/cm.  The  experimentally  obser\^ed  transitions  are  indicated  by  arrows  and  the  main  parts  of  the  respective  wave  functions  are  shown  by 
thicker  lines.  The  numbers  on  the  right  represent  an  (approximate)  assignment  in  terms  of  WS  states  (see  text).  In  addition,  the  calculated 
absoiption  coefficient  is  shown  on  the  left  for  comparison,  including  the  peak  photon  energies. 


(3,  -1),  (2,0)  (this  is  the  main  vertical  intersubband 
transition),  (4,  -2),  and  (3,0). 

As  seen  in  Fig.  5,  the  continuum  WSL  wave  func¬ 
tions  display  the  character  of  both  the  localized  WSL- 
and  the  frcc-electron-likc  states.  Note  also  that  due 
to  the  finiteness  of  the  structure  used  in  the  calcula¬ 
tion,  no  perfect  periodicity  of  the  solution  for  the  wave 
functions  under  a  translation  z  ^  z  d  and  E  ^  E  — 
eFd  is  obtained.  In  the  absorption  coefficient  (which 
is  the  observable  quantity)  this  symmetry  is  however 
recovered,  when  calculated  with  a  finite  E.  This  shows 
the  relation  of  E  to  the  coherence  length;  when  E  is 
very  small,  the  wave  functions  more  easily  feel  the 
edges  of  the  finite  SL  [20]. 

In  summary,  we  have  reported  on  a  combined  mea¬ 
surement  of  transport  and  intersubband  absorption  in 
a  biased  SL,  and  observed  Wannier-Stark  ladders  in 
the  continuum  as  well  as  the  next-nearest-neighbor 
tunneling.  Extension  of  the  present  technique  to  the 
far-IR  spectral  region  and  applied  to  more  strongly 
coupled  SLs  may  unveil  the  intra-miniband  spectral 
response  [21],  and  possibly  gain,  of  a  superlattice  un¬ 
der  Bloch-oscillation  conditions. 
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Abstract 

We  report  on  the  femtosecond  dynamics  of  coherent  Bloch  oscillations  in  GaAs/Al.vGai-.vAs  superlattices.  In  a  superlattice 
with  a  miniband  width  equal  to  the  optical  phonon  energy  of  GaAs  the  Bloch  frequency  can  be  tuned  into  resonance  with  the 
LO  phonon  by  an  applied  electric  field.  We  observe  a  strong  coupling  between  Bloch  oscillations  and  phonons  leading  to  the 
coherent  excitation  of  optical  phonons  when  both  are  brought  into  resonance.  This  phenomenon  is  analyzed  theoretically  on 
the  base  of  a  microscopic  Hamiltonian  for  the  electron-phonon  interaction  in  the  superlattice.  We  show  that  coupled  modes 
are  described  by  a  nonlinear  pendulum  coupled  linearly  to  an  oscillator  representing  the  phonons.  Under  resonance  condition 
the  amplitudes  of  both  modes  increase  and  sidebands  appear.  The  theoretical  results  are  compared  to  the  experimental 
observations.  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Bloch  oscillations;  Electron-phonon  coupling;  Superlattices;  THz  dynamics 


1.  Introduction 

Bloch  oscillations  of  electrons  in  superlattices 
have  been  convincingly  demonstrated  in  femtosec¬ 
ond  time-resolved  experiments  like  four  wave  mixing 
[1,2],  THz  emission  [3],  and  transmissive  electro-optic 
sampling  (TEOS)  [4].  TEOS  experiments  monitor  the 
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change  in  transmission  of  a  time-delayed  circularly 
polarized  probe  pulse  through  a  biased  superlattice 
after  photoexcitation  with  a  linearly  polarized  pump 
pulse.  The  transmission  change  is  affected  directly 
by  longitudinal  field  oscillations  in  the  superlattice 
that  occur  at  THz  frequencies.  This  involves  Bloch 
oscillations,  plasmons,  longitudinal  optical  phonons, 
all  of  which  exist  in  the  THz  regime.  In  particular, 
the  first  two  modes  are  tunable  and  can  be  brought 
into  resonance  via  the  change  of  an  external  ap¬ 
plied  electric  field  and  the  change  of  carrier  density. 
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respectively.  The  coupling  between  the  modes  is 
expected  to  result  in  a  modification  of  the  mode 
amplitudes  and  broadenings  of  the  spectral  response. 

In  this  paper,  we  describe  recent  experimental  and 
theoretical  progress  made  towards  the  understanding 
of  these  interactions.  Besides  the  fundamental  physi¬ 
cal  interest,  such  mode-coupling  is  crucial  to  under¬ 
stand  for  designing  THz  devices  operating  on  Bloch 
oscillators.  Our  results  can  be  summarized  as  follows: 
starting  with  a  microscopic  Hamiltonian  describing 
electrons  and  phonons  interacting  with  each  other  in 
a  supcrlatticc  under  an  external  DC  field,  we  estab¬ 
lish  that  the  Bloch  oscillating  electrons  behave  like 
a  nonlinear  pendulum  coupled  linearly  to  an  oscilla¬ 
tor  representing  the  phonons.  We  solve  the  equations 
perturbatively  in  the  limit  of  low  density  and  estab¬ 
lish  that  contrary  to  conventional  expectations  with 
mode-coupling  the  coupled  Bloch-phonon  modes  do 
not  have  a  gap  in  their  frequency  spectra  at  reso¬ 
nance  as  the  external  field  is  varied.  Instead,  the  cou¬ 
pling  manifests  itself  through  a  resonant  enhancement 
of  the  amplitudes  of  both  the  Bloch  oscillation  and 
the  phonon  modes.  In  addition,  sidebands  of  vary¬ 
ing  heights  and  widths  are  generated  near  resonance 
due  to  parametric  Bloch-phonon  coupling.  The  theo¬ 
retical  results  are  compared  to  experiments  performed 
in  a  GaAs/AlvGai-.vAs  superlattice  with  a  first  elec¬ 
tronic  miniband  width  equal  to  the  LO  phonon  energy 
of  GaAs.  This  miniband  width  allows  us  to  tune  the 
Bloch  frequency  into  resonance  with  the  LO  phonon. 


2.  Theoretical  description  of  Bloch-phonon 
equations 

We  consider  a  system  of  collision-free  superlat¬ 
tice  electrons  with  a  tight-binding  kinetic  energy 
£/.  =  —  (/|/2)cos/cn^,  interacting  through  a  Coulomb 
repulsion  =  Ane^jcf-  and  coupled  to  an  external 
DC  field  £’()  along  the  growth  direction  of  the  super¬ 
lattice  through  a  dipole  matrix 
The  scalar  notation  k  refers  here  to  the  momentum 
component  along  the  growth  direction  of  the  super¬ 
lattice.  We  also  introduce  a  set  of  dispersionless  LO 
phonons  of  frequency  colo,  stretched  by  an  external 
DC  field  through  a  phonon  dipole  moment  fi,j  per  unit 
cell,  and  coupled  to  electrons  through  a  Frohlich  po¬ 
lar  coupling  Mfj  =  — i  y/ ,  with  1/ep  = 


\/eoc  —  l/eo5  tfie  subscripts  oo  and  0  corresponding, 
respeetively,  to  high-  and  low-frequency  dielectric 
constants  of  the  superlattiee.  The  Hamiltonian  then  is 

3^  =  '£skclck  +  :^  E  CKA-' 

k  ^  qkk' 

-  £'o  E  m-’cUk'  +  E  fkcotoblbg 

kk'  q 

-Eo'^Uciibg  +  bl)  +  J2^<i4-(^k+</(bg  +  big). 

q  kq 


(1) 


We  use  the  Hamiltonian  to  write  down  the 
equations  for  the  electron  density  matrix  Nkq  = 
{<^\yQI2^K-Qi2)-  We  factorize  all  four-operator  ex¬ 
pectation  values  into  products  of  two-operator 
expectation  values  using  the  random  phase  ap¬ 
proximation,  which  allows  us  to  describe  the  dy¬ 
namics  in  terms  of  the  mean-field  polarization 
p  =  fxn  =  {ie/h)  Yjk  ^^kqI^Q\q^^-  Note  that  we  are 
employing  for  convenience  the  ‘center-of-mass’  and 
‘relative’  coordinates  K  =  {k  +  k^)/2  and  q  =  k  ~k' , 
We  also  ignore  electron-phonon  correlations,  which 
allows  us  to  factorize  terms  like  {c'^cb)  ^  {c^c){b). 
The  equation  for  the  distribution  function  f k=  A/co 
then  is 


0  eE{t)  0 
^  h  W 


NK0  =  ~Y.Mg{.Bg+B%) 

TL  q 


X[A/C-ry/2,ry  —NjC+qll^q],  (2) 

where  Bq  =  (bq)  and  B*  are  the  amplitudes  of  the 
coherent  phonons,  and  E{t)  =  Eq  —  In  the 

long-wavelength  limit  ^  >  0,  expanding  the  terms 

in  the  square  bracket  about  q  =  0  leads  to  a  cancel¬ 
lation  of  the  divergence  in  Mq  oc  l/q,  leading  to  a 
modified  pendulum  equation  for  the  net  vector  po¬ 
tential  ri(t)  =  ed/fi  /q  dt'E{t').  Since  the  stretching 
w  oz  Bq  Bq  of  the  polar  ions  also  contributes  to 
the  net  electric  field:  q  =  (ed/fi)(Eo  -  Annfi)  -  Cw, 

with  C  =  ~  ^TO  non-zero  because  the  trans¬ 

verse  phonons  oscillate  at  the  bare  frequency  cuto 
while  the  longitudinal  phonons  oscillate  at  a  larger 
frequency  coio  due  to  the  extra  stretching  from  the 
polar  fields.  The  transverse  and  longitudinal  phonon 
frequencies  satisfy  the  Lyddane-Sachs-Teller  re¬ 
lation:  colo/ojto  =  \/£oAoc  [5].  The  result  of  this 
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calculation  describes  a  pendulum  (electronic  mode) 
linearly  coupled  to  an  oscillator  (LO  phonon  mode): 

rj  +  cOpi  sin  t]  =  ~Cw, 

w (OjqW  =  C}],  (3) 

where  cOpi  is  the  plasma  frequency.  For  the  boundary 
conditions  we  assume  an  impulsive  generation  of  LO 
phonons  [6,7],  and  no  initial  polarization  induced 
by  the  photoexcitation  process  itself:  rj{0)  =  vv(0)  = 
0,  w(0)  =  CwbIojIq,  and  ii(0)  ojb^ooI^o, 

where  cob  is  the  Bloch  frequency.  The  system  of 
equations  (3)  can  then  be  solved  in  the  low-density 
limit  (cOpi  cob  )  hy  a  perturbative  expansion  in  the 
small  parameter  cOpi/coB-  We  expand  the  variables  as 
follows: 

'}(0  =  »/o(0+ 


w(0  =  wo(0  + 


Wi(0+  •  •  • 


(4) 


and  solve  for  r}(t)  and  w(0  perturbatively  in  the  small 
parameter  (cOpi/wB)^.  The  result  of  the  calculation  is 
as  follows: 

rjoiO  =  (^Bt, 


wo(0  = 


Ccob 


CO 


2  ’ 
LO 


r]\(t)  =  d)B 


sin(cuB0 

d>B 


+ 


C^a)i 


^Lo(^LO 


sin(coLoO 


- 1 


OOlo 


MO=  [COS(C0b0  -  1] 

^LO  ~ 


-2.2"  -  1]-  (5) 

The  zeroth-order  corrections  in  the  plasma  fre¬ 
quency  show  that  in  the  absence  of  screening  charges 
(copi  =0),  there  are  no  oscillations  in  the  system,  just 


a  stretch  of  the  ions  within  each  unit  cell,  propor¬ 
tional  to  the  external  field.  Dynamics  is  introduced 
once  electrons  are  photoexcited  into  the  conduction 
miniband,  i.e.,  through  the  terms  f]\  and  w\.  This 
leads  to  Bloch  oscillations  in  while  W[  exhibits 
signatures  of  LO  phonons.  The  LO  phonons  are 
excited  coherently,  because  the  ionic  displacement 
w  is  proportional  to  {bl  -{-bo),  which  is  non-zero 
[8].  Prior  to  the  excitation,  the  stretch  of  the  ions  is 
given  by  wo  =  Ccob/<^lo-  Ultrafast  screening  by  the 
photoexcited  charges  leads  to  a  new  reduced  equilib¬ 
rium  value  of  magnitude  Ccob/ooIqU  —  c^pi/<^bWb]5 
obtained  from  the  DC  component  of  w.  It  is  this  im¬ 
pulsive  change  in  equilibrium  stretching  that  excites 
the  phonons  coherently  at  frequency  colo- 

Although  the  perturbation  theory  breaks  down  at 
resonance  d)B  ~  c^lo  as  can  be  seen  clearly  from  the 
divergences  in  rj  and  w,  we  can  get  an  idea  about  the 
field  dependencies  of  these  quantities  away  from  res¬ 
onance.  For  the  Bloch  oscillations,  we  look  at  the  part 
of  t]  that  oscillates  at  cob,  which  yields  the  correspond¬ 
ing  Fourier  amplitude.  The  coefficient  of  the  coscob? 
term  in  given  by  (co^,/(UB)([m^o  "  ^b]/[<^lo  ~ 
c5b]).  The  second  factor  in  the  round  brackets  is  the 
resonance  factor,  which  leads  to  a  peak  at  resonance 
(wb  ^  <^lo)-  The  prefactor  co^iIcob  gives  the  familiar 
result  that  the  Bloch  oscillation  amplitude  varies  as 
A/Eo  for  a  superlattice  with  miniband  width  A  and  ex¬ 
ternal  field  Eq,  Thus,  the  Bloch  amplitude  has  a  peak 
superimposed  on  a  decreasing  structure  when  plotted 
versus  the  bias  voltage.  For  the  phonon  mode,  as  ob¬ 
tained  from  the  colo  component  of  w{t),  the  ampli¬ 
tude  varies  as  ~cob  for  small  fields  and  ^I/cob  for 
large  fields,  leading  to  a  relatively  weak  dependence 
on  field,  except  a  strong  enhancement  at  resonance. 
Evidently,  the  amplitudes  diverge  at  resonance,  indi¬ 
cating  that  a  more  careful  numerical  analysis,  taking 
into  account  the  specific  details  of  the  measurement 
process  and  collisions,  is  needed  to  get  agreement  with 
experiments. 

For  small  plasmon  frequencies,  the  perturbation 
theory  does  not  allow  for  any  change  in  the  reso¬ 
nance  frequencies  due  to  coupling.  The  oscillations 
are  at  frequencies  colo  and  cob-  There  is  no  mode  at 
the  TO  frequency.  This  is  expected,  since  Frohlich 
polar  phonons  couple  only  with  longitudinal  modes. 
The  transverse  mode  that  arises  in  plasmon-phonon 
dispersions,  for  example,  are  basically  longitudinal 
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phonons  oscillating  at  the  bare  TO  frequency  due  to 
electronic  screening.  For  a  fixed  plasma  frequency, 
however,  varying  the  Bloch  frequency  parametrically 
docs  not  alter  the  screening,  hence  we  do  not  expect 
the  TO  modes  to  emerge.  The  Bloch  frequency  enters 
only  through  the  initial  conditions  in  Eq.  (3),  and  not 
directly  in  the  equations  themselves,  which  explains 
why  merely  varying  the  Bloch  frequency  does  not 
open  up  a  gap  in  the  frequency  spectrum  plotted  ver¬ 
sus  cub.  Bloch  oscillations  thus  couple  with  phonons 
in  a  way  that  is  qualitatively  different  from  plasmon- 
phonon  modes  [9].  Bloch  oscillations  arise  simply  be¬ 
cause  the  sample  is  periodic,  while  the  LO  and  plasma 
oscillations  arise  due  to  actual  restoring  forces  associ¬ 
ated  with  oscillator-like  motions.  The  coupling  mani¬ 
fests  itself  through  a  non-monotonic  field  dependence 
of  the  individual  peak  amplitudes  plotted  for  varying 
fields. 

The  coupling  of  Bloch  oscillations  and  phonons 
also  occurs  through  the  appearance  of  Bloch-phonon 
sidebands  due  to  the  parametric  coupling  between  the 
two  modes  through  the  sine  term  in  the  equations 
of  motion,  which  tends  to  mix  modes.  For  exam¬ 
ple,  let  us  substitute  r}{t)  ^  gcqcob  sin(c5B0  + 

j5osin(mLoO  the  equation  for  rj  in  Eq.  (3),  where 
ao  and  Po  are  obtained  from  our  perturbative  solution 
for  rj.  This  gives 

-  Cw  =  ao^B  cos(c3b0  +  Pqo^lo  cos(6JloO 

J/?;~  1  (®0  ) 

mcoB  +  pcOlo  _ 

xcos(md)B  +  poyLo)i‘  (b) 

As  one  can  see  from  the  last  term,  the  response  has 
sidebands  at  positions  mtUB  +  ncoio  for  integer  m  and 
n,  arising  out  of  the  Bloch-phonon  couplings.  An  in¬ 
vestigation  of  the  arguments  of  the  Bessel  terms  re¬ 
veals  that  the  sidebands  are  prominent  near  resonance, 
at  plasma  frequencies  larger  than  the  collision  rate 
but  small  enough  to  not  sereen  out  the  Bloch  oscil¬ 
lations.  The  sidebands  demonstrate  that  Bloch  oscil¬ 
lations  couple  with  phonons  even  in  the  absenee  of  a 
gap  in  the  spectrum.  Collisions,  however,  will  tend  to 
wash  away  the  sidebands.  Fig.  1  shows  Bloch-phonon 
sidebands  for  Vpi  =  2  THz,  obtained  by  a  numerical 
solution  of  the  Bloch-phonon  coupled  equations  of 
motion  in  the  absence  of  collisions. 


OO  CX) 

-«pi  E  E 

/»=  —  oo  /;=— OO 


Fig.  1 .  Bloch-phonon  sidebands  arising  out  of  parametric  coupling 
between  LO  phonons  and  Bloch  oscillations  in  absence  of  colli¬ 
sions  for  a  plasma  frequency  Vp]  =  2  THz  and  a  Bloch  frequency 
vb  =  11.4  THz. 


3.  Experimental  results 

We  perform  TEOS  experiments  for  the  investiga¬ 
tion  of  Bloch-phonon  coupling,  since  it  is  sensitive  to 
the  internal  longitudinal  polarization  along  the  growth 
direction  of  the  superlattices  [4].  The  laser  source 
is  a  Kerr-lens  mode-locked  Ti :  sapphire  laser  deliv¬ 
ering  optical  pulses  of  50  fs  duration  corresponding 
to  a  spectral  width  of  40  meV.  The  broadband  laser 
spectrum  is  tuned  to  the  first  interband  transitions  in 
the  superlattice,  i.e.  from  the  first  heavy-hole  to  the 
first  electron  states.  The  short  pulse  prepares  a  coher¬ 
ent  superposition  of  electronic  Wannier-Stark  states 
in  the  biased  superlattice  [10,11].  The  heavy  holes 
are  already  fully  localized  at  the  electric  fields  un¬ 
der  consideration,  A  eoherent  electronic  wavepacket  is 
created  which  performs  spatial  oscillations  along  the 
superlattice  growth  direction  with  the  Bloch  frequency 
[12].  The  investigated  sample  consists  of  35  periods 
GaAs  wells  of  6.7  nm  width  and  AlojGaojAs  barriers 
of  1 .7  nm  width.  The  coupling  of  the  lowest  quantized 
electronic  levels  in  the  quantum  wells  forms  an  elec¬ 
tronic  miniband  of  36  meV  width  which  equals  the 
LO  phonon  energy  in  bulk  GaAs.  For  applying  a  static 
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electric  field,  the  superlattice  is  embedded  in  a  Schot- 
tky  diode.  This  miniband  width  allows  to  tune  the 
Bloch  frequency  into  resonance  with  the  LO  phonon. 
This  is  not  possible  for  smaller  miniband  widths  since 
for  such  superlattices  the  wave  functions  are  already 
fully  localized  so  that  no  oscillating  wavepacket  with 
the  phonon  frequency  can  be  excited.  On  the  other 
hand,  larger  miniband  widths  are  inherently  associ¬ 
ated  with  stronger  dephasing  times.  Hence,  the  choice 
of  a  minibandwidth  equal  to  the  phonon  energy  is 
a  trade-off  concerning  the  visiblity  of  Bloch-phonon 
coupling. 

Figs.  2(a)  and  (b)  depict  the  time-domain  TEOS 
data  and  the  corresponding  frequency  domain  res¬ 
ponses  recorded  at  an  excitation  density  of  1  x 
10^^  cm“^  at  10  K.  This  excitation  density  corre¬ 
sponds  to  a  plasma  frequency  much  lower  than  the 
phonon  frequency,  so  that  coupling  with  plasmons 
can  be  neglected  in  the  frequency  range  close  to  the 
optical  phonon  resonance.  The  data  are  shown  for  dif¬ 
ferent  voltages  applied  to  the  sample.  For  the  voltages 
range  below  -3.8  V,  the  data  are  dominated  by  the 
rapidly  dephasing  electronic  coherence  of  the  Bloch 
oscillations  with  a  dephasing  time  of  (400  ±  50) 
fs.  The  frequency  of  the  oscillations  increases  with 
increasing  bias  voltage  according  to  vb  =  eEd jh  as 
expected  for  Bloch  oscillations.  At  reverse  bias  volt¬ 
ages  larger  than  -4.0  V,  oscillations  appear,  which 
can  be  traced  over  more  than  10  ps  in  contrast  to  the 
subpicosecond  dephasing  of  the  Bloch  oscillations 
at  lower  voltages.  The  Fourier  transforms  show  at 
-4.0  V  a  strong  maximum  at  the  LO  phonon.  At  —4.2 
V  the  signal  is  fully  dominated  by  the  long-living 
oscillation  with  LO  frequency.  At  this  voltage  the 
Bloch  frequency  is  in  resonance  with  the  LO  phonon. 
The  change  from  the  electronic  coherence  with  a 
sub-ps  dephasing  time  to  the  long  living  phonon 
oscillations  becomes  also  clearly  visible  in  the  fre¬ 
quency  domain  data  (Fig.  2(b)).  The  pure  electronic 
coherence  is  associated  with  the  broad  spectral  peak 
while  the  spectral  width  of  the  coherent  phonon  os¬ 
cillation  is  determined  by  the  finite  time-window  of 
the  measurement.  Higher  reverse  bias  voltages  could 
not  be  applied  to  the  sample  due  to  the  occurrence 
of  breakdown  of  the  Schottky  diode.  In  addition,  we 
infer  from  CW  electr-absorption  measurements  that 
at  higher  internal  electric  fields  the  electronic  states 
become  fully  localized. 


The  experimental  results  clearly  demonstrate  a 
coupling  of  Bloch  oscillations  to  LO  phonons  under 
resonance  conditions.  The  observed  generation  of  co¬ 
herent  phonons  under  resonance  conditions  confirms 
the  theoretical  result  of  an  enhancement  of  the  LO 
phonon  amplitude.  The  enhancement  of  the  Bloch  am¬ 
plitude  under  resonance  conditions  cannot  be  deduced 
from  the  experiments.  One  reason  is  the  miniband 
width  which  equals  the  LO  phonon  energy  leading 
to  a  strong  localization  of  the  Wannier-Stark  wave 
functions  close  to  resonance.  Another  reason  is  the 
expected  strong  dephasing  of  the  Bloch  oscillations 
when  the  carriers  can  energetically  relax  between 
adjacent  Wannier-Stark  levels  by  LO  phonon  emis¬ 
sion  [13].  Both  of  these  aspects  are  not  included  in 
the  theoretical  model  so  far.  The  appearance  of  side¬ 
bands  also  cannot  be  deduced  from  the  experimental 
data,  which  is  attributed  to  the  rapid  dephasing  of 
the  electronic  coherence  in  the  experiments.  These 
discrepancies  demonstrate  the  importance  to  include 
collision  effects  in  the  theory. 

4.  Conclusions 

The  theoretical  analysis  of  the  polar  coupling 
between  Bloch  oscillations  and  LO  phonons  in  a  su¬ 
perlattice  leads  to  a  resonance  and  sidebands.  The 
coupling  of  Bloch  oscillations  with  LO  phonons  can 
be  described  by  the  linear  coupling  of  a  pendulum 
(electronic  mode)  with  an  oscillator  (phonon  mode). 
Perturbation  theory  in  the  small  parameter  (cUpi/coB)^ 
reveals  that  near  the  Bloch-phonon  resonance,  there 
is  no  gap  in  the  spectrum,  but  the  amplitudes  of  the 
Bloch  and  phonon  modes  diverge.  The  absence  of 
the  gap  is  due  to  the  fact  that  the  Bloch  oscillation  is 
not  an  elementary  excitation  that  could  cause  a  level 
repulsion  with  the  phonons,  but  merely  a  periodic 
response  of  electrons  to  a  periodic  array  of  quantum 
wells.  The  resonant  enhancement  of  the  individual 
Fourier  amplitudes  indicates  coupling  between  Bloch 
oscillations  and  LO  phonons.  However,  the  perturba¬ 
tion  theory  breaks  down  at  resonance.  Thus,  a  more  de¬ 
tailed  analysis  will  need  to  incorporate  collisions  in  the 
equations  of  motion,  followed  by  numerical  modeling. 
The  coupling  of  Bloch  oscillations  is  confirmed  by  the 
experimental  results  obtained  in  a  superlattice  with 
36  meV  electronic  miniband  width. 
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Time  Delay  (ps) 


Frequency  (THz) 


Fig.  2.  (a)  Coupled  Bloch-phonon  oscillations  at  10  K  lattice  temperature  for  an  excitation  density  of  1  x  lO’®  cm  ^  for  different  voltages 
applied.  The  data  at  -4.0  and  -4.2  V  are  magnified  by  a  factor  of  5.  (b)  Normalized  Fourier  transforms  of  the  data  in  (a). 
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Abstract 

We  show  how  the  spatial  dynamics  of  a  Bloch  oscillating  wave  packet  can  directly  be  measured  and  manipulated  by 
means  of  optical  techniques.  For  excitation  below  and  above  the  Wannier-Stark  ladder  (WSL)  center,  the  wave  packet 
performs  harmonic  oscillations,  following  the  predictions  of  Zener;  for  excitation  near  the  WSL  center  the  wave  packet  is 
in  the  so-called  breathing  mode:  a  symmetric  oscillation  with  virtually  zero  center  of  mass  motion.  How  the  position  and 
line  width  of  the  excitation  laser  changes  the  initially  excited  wave  packets  and  their  dynamics  will  be  discussed.  ©  2000 
Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Bloch  oscillations;  Superlattices;  Spatial  displacement;  Time-resolved  spectroscopy 


1.  Introduction 

Recently,  the  dynamics  of  wave  packets  in  semi¬ 
conductor  systems  have  been  intensively  investigated. 
Due  to  the  improved  excitation  and  detection  systems 
detailed  studies  of  the  formation,  dynamics  and  depen¬ 
dence  on  initial  conditions  could  be  achieved.  On  the 
other  hand,  semiconductor  heterostructures  have  in¬ 
troduced  the  possibility  to  create  highly  tailored  struc¬ 
tures  for  experiments  needing  special  energetic  and 
spatial  structures. 
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The  periodicity  of  such  an  artificial  semiconductor 
system  opens  the  opportunity  to  observe  a  bundle  of 
new  physical  phenomena.  The  periodic  electron  mo¬ 
tion,  the  so-called  Bloch  oscillation  (BO),  predicted 
from  the  work  of  Bloch  [1]  and  Zener  [2]  in  the  1930s 
are  one  of  these  interesting  effects  relying  on  a  periodic 
structure.  Zener  proposed  that  a  particle  in  a  periodic 
potential  subjected  to  an  electric  field  will  oscillate  in 
real  space. 

In  a  semiclassical  picture:  if  an  electron  is  “put” 
at  k  =  G  and  the  electric  field  is  switched  on 
quasi-instantaneously,  the  electron  moves  with  con¬ 
stant  A:-space  velocity.  Due  to  the  periodicity  of  the 
band  structure  it  oscillates  in  real  space  with  the  period 

TB  =  hleFd  (1) 
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and  a  total  spatial  amplitude 

L  =  A/eF,  (2) 

where  F  is  the  applied  electric  field,  d  the  lattice  pe¬ 
riod,  and  A  the  width  of  the  band. 

In  a  quantum  mechanical  picture,  the  BO  can  be  de¬ 
scribed  as  time  evolution  of  an  electronic  wave  packet 
composed  of  the  eigenstates  of  the  full  Hamiltonian 
(including  electric  field).  These  so-called  Wannier- 
Stark-ladder  (WSL)  states  [3]  fonn  a  equally  spaced 
ladder-like  structure  with  the  energy  spacing: 

AE  =  eFd,  (3) 

Bloch  oscillations  arc  thus  equivalent  to  quantum  beats 
(QB)  of  the  WSL  states,  provided  that  the  amplitudes 
of  the  contributing  WSL  states  were  chosen  in  such  a 
way  that  a  periodic  spatial  motion  results. 

Such  oscillations  are  only  existent,  as  long  as  the 
coherence  of  the  wave  packet  is  not  destroyed  by  scat¬ 
tering,  otherwise  a  standard  transport  picture  applies. 
A  suitable  system  to  observe  BO  was  proposed  and 
built  by  Esaki  and  Tsu  [4].  The  semiconductor  super- 
lattice  (SSL)  with  miniband  width  in  the  range  of  tens 
of  meV  and  large  lattice  constants  in  the  order  of  tens 
of  Angstrom  allow  an  electron  to  complete  a  full  BO 
cycle  before  it  is  scattered.  In  such  an  SSL,  the  fre¬ 
quency  domain  equivalent  of  the  BO,  the  WSL  was 
observed  by  Mendez  and  coworkers  [5]  by  optical  ex¬ 
periments  as  ladder  of  transitions: 

E,j  =  Eq -F  neFd,  «  =  0,  ±1,  ±2, . . . ,  (4) 

where  n  is  the  ladder  index  and  Eq  is  the  energy  of 
the  direct  transition  with  electron  and  hole  in  the  same 
well,  labeled  by  /?  =  0. 

Optical  experiments  using  short  laser  pulses  with 
broad  spectra  were  used  to  create  Bloch  wave  packets 
by  excitation  of  adjacent  WSL  levels.  The  wave  paeket 
dynamics  was  then  detected  by  several  time-resolved 
techniques  like  four-wave-mixing  (FWM)  [6,7]  and 
the  detection  of  the  terahertz  radiation  emitted  from 
the  oscillating  electrons  [8,9]. 

Theoretical  investigations  on  the  wave  packet  am¬ 
plitude  and  its  dependence  on  excitation  conditions. 
Coulomb  interactions  and  the  SL  parameters  [10-12] 
were  recently  performed.  The  total  spatial  amplitude 
as  maximal  center  of  mass  motion  of  the  wave  packet 
is  expected  to  strongly  depend  on  the  initial  properties 
of  the  wave  paeket.  For  a  symmetrieal  excited  wave 


packet,  the  so-called  breathing  mode,  was  predicted: 
the  constituents  move  symmetrically  with  respect  to 
the  WSL  center  and,  therefore,  prevent  a  center  of 
mass  motion  of  the  wave  packet.  Furthermore,  the  ex- 
citonic  interactions  lead  to  redistribution  of  the  oscil¬ 
lator  strength  to  transitions  with  negative  index,  and 
are  assumed  to  drastically  change  the  dynamics  [11]. 

2.  Experimental  method 

Recently,  we  have  introduced  a  method  to  directly 
trace  the  center-of-mass  motion  of  wave  packets  in 
biased  SSL  using  the  Wannier-Stark  ladder  field  de¬ 
pendence  as  sensitive  dipole  field  detector  [13].  The 
oscillating  dipole,  caused  by  the  moving  electrons  and 
nearly  static  holes,  is  superimposed  on  the  static  bias 
field  and  does  slightly  shift  the  WSL  transitions  in 
energy  as  a  function  of  delay.  The  displacement  can 
be  calculated  with  only  carrier  density  as  parameter 
from  this  peak  shift.  For  details  about  the  experiment 
and  the  displacement  calculation  see  Ref.  [13].  Fig. 
1  shows  the  Bloch  electron  displacement  and  confirm 
the  harmonic  spatial  motion  as  predicted  by  Zener. 

The  experiments  are  performed  using  GaAs/ 
Alo.3Gao.7As  superlattices  with  different  lattice  con¬ 
stants.  We  discuss  here  results  taken  with  an  SL  with 
67  A  well  and  17  A  barrier  width.  A  Kronig-Penney 
calculation  yields  a  miniband  width  of  38  meV.  The 


Delay  Time  (ps) 

Fig.  1.  Displacement  of  the  electron  wave  packet  in  a 
67/17  A  GaAs/AlGaAs  superlattice  as  function  of  delay  time  cal¬ 
culated  from  peak  shift.  The  measurements  are  performed  at  10 
K,  with  bias  field  of  16.5  kV/cm  and  an  excitation  density  (in  the 
first  well)  of  1.7  x  10*^  cm““. 
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maximal  spectral  laser  width  (FWHM)  is  with  21  meV 
sufficiently  smaller  than  the  miniband  width  and  thus 
enabling  a  selective  excitation  of  WSL  transitions.  For 
the  experiments  a  standard  transmission  FWM  geome¬ 
try  is  used  and  the  emitted  third-order  polarization  was 
spectrally  resolved.  The  samples  were  held  at  about 
10  K. 


3.  Results  and  discussion 

In  this  paper,  we  show  that  the  amplitude  of  the 
wave  packet  can  be  tuned  between  breathing  mode 
oscillations  and  harmonic  spatial  oscillations.  Fig.  2 
displays  the  spectrally  resolved  FWM  signal  (solid 
lines)  for  different  excitation  conditions  showing  the 
heavy-hole  (hh)  transitions  labeled  as  hh„,  where  n  is 
the  index  as  defined  in  Eq.  (4).  Shown  are  the  three 
main  situations  (a)  excitation  energetically  below,  (b) 
close  to  the  center  and  (c)  above  the  center  of  the 
WSL. 

The  amplitude  dependence  on  laser  position  is 
shown  in  Fig.  3  for  a  bias  field  of  15  kV/cm  and  a 
carrier  density  9x10^  cm“^.  The  excitation  position 
is  defined  as  the  difference  of  the  laser  position  with 
respect  to  the  experimentally  observed  hho  transition 
in  units  of  the  WSL  splitting.  From  the  peak  shift 
the  displacement  was  calculated  as  mentioned  above. 
Both  the  curves  shown,  belonging  to  laser  widths  of 
12  and  21  meV,  respectively,  show  a  pronounced 


Laser  below  WSL  Laser  at  the  center  of  WSL  Laser  above  WSL 


Fig.  2.  Laser  excitation  conditions:  FWM  spectra  (solid  lines) 
showing  the  WSL  heavy-hole  (hh)  transitions.  Three  typical  ex¬ 
amples  for  laser  excitation  are  shown  (dashed  lines):  below  the 
center  of  the  WSL  (a),  close  to  the  center  (b),  and  above  the 
center  (c).  The  relative  laser  position  is  defined  in  units  of  the 
WSL  splitting  with  respect  to  the  experimentally  observed  hho 
transition. 
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Fig.  3.  Experimentally  determined  amplitude  of  the  Bloch  oscil¬ 
lating  wave  packet  as  function  of  the  excitation  energy  for  two 
spectral  width  of  the  laser  at  a  field  of  15.2  kV/cm.  The  energy  is 
given  in  units  of  the  WSL  splitting  relative  to  the  experimentally 
observed  hho  transition. 


minimum  with  nearly  zero  amplitude.  In  either  cases, 
the  position  of  the  minimum  with  respect  to  the 
WSL  center  is  clearly  shifted  below  the  center,  and 
is  significantly  more  for  the  broader  laser  spectrum. 
For  excitation  well  below  and  above  the  eenter  of 
the  WSL  the  amplitudes  increases.  The  semiclassical 
amplitude  would  be  at  about  3.5  SL  periods. 

Theoretical  calculations  taking  excitonic  inter¬ 
actions  into  account  and  including  dephasing  phe¬ 
nomenologically  clearly  reproduce  the  amplitude 
minimum,  but  expect  this  above  the  center  [11,14]. 
All  our  experiments,  performed  for  various  scattering 
times  and  laser  line  widths,  show  the  minimum  below 
the  WSL  center.  A  new  theoretical  approach  including 
scattering  and  the  influenee  of  the  background  plasma 
on  the  basis  of  Boltzmann  equation  [15]  is  able  to 
qualitatively  reproduee  the  experimental  data  and  ex¬ 
plains  dependencies  on  the  experimental  exeitation 
conditions  like,  e.g.,  the  laser  line  width  [16].  It  turns 
out  that  just  a  drastic  change  of  the  interminiband 
relaxation  time  would  lead  to  a  signifieant  change  of 
the  minimum  position.  This  drastic  variation  could 
not  be  realized  by  the  typical  excitation  conditions  in 
such  FWM  experiments  neither  by  temperature  nor 
by  intensity  change.  For  a  detailed  understanding  fur¬ 
ther  investigations  ineluding  a  quantitative  analysis 
are  neeessary  and  promising. 
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In  conclusion,  wc  have  shown  that  the  amplitude  of 
optically  excited  wave  packets  in  superlattices  can  be 
controlled  between  true  Bloch  oscillations  with  a  cen¬ 
ter  of  mass  motion  and  symmetric  breathing  modes 
and  discussed  relevant  parameters  which  influence 
this.  For  a  more  detailed  understanding  of  processes 
influencing  the  dynamics  a  new  theoretical  approach 
has  to  be  used. 
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Abstract 

We  present  photocurrent  spectra  of  the  Wannier-Stark  ladder  of  a  GaAs/AlGaAs  superlattice  in  a  magnetic  field  up  to 
9  T  and  oriented  along  the  growth  direction  of  the  supcrlattice.  The  Landau  and  Wannier-Stark  quantization  directions  are 
perpendicular  to  each  other.  The  salient  observation  is  the  evolution  of  Landau  fans  for  the  different  Wannier-Stark  transitions, 
with  the  Landau  fan  assigned  to  the  spatially  direct  Wannier-Stark-ladder  transitions  being  veiy  pronounced  quite  in  contrast 
to  the  Landau  fans  for  the  spatially  indirect  Wannier-Stark  transitions  which  are  weak.  ©  2000  Elsevier  Science  B.V.  All 
rights  reserved. 

Keywords:  Superlattices;  Magnetic  field;  Wannier-Stark  ladder;  Landau  quantization 


Semiconductor  superlattices  have  been  investi¬ 
gated  intensively  as  model  structures  for  coherent 
wave  packet  dynamics  of  electrons  in  a  periodic  po¬ 
tential.  The  application  of  a  DC  electrical  bias  field 
along  the  surface  normal,  i.e.,  the  growth  direction 
of  the  superlattice,  leads  to  localization  of  the  wave 
functions  and  the  development  of  a  ladder  of  energy 
states,  the  so-called  Wannier-Stark  ladder  [1-4]  (see 
Fig.  1).  Simultaneous  excitation  of  several  Wannier- 
Stark-ladder  states  creates  wave  packets  which  subse¬ 
quently  perform  spatial  oscillations  known  as  Bloch 
oscillations  [5-11]. 
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In  preparation  for  time-resolved  studies  of  the  in¬ 
fluence  of  an  additional  strong  magnetic  field  on  the 
coherence  of  the  charge  carriers  performing  Bloch  os¬ 
cillations,  this  paper  presents  an  experimental  analy¬ 
sis  of  the  evolution  of  a  superlattice’s  energy  levels 
and  their  oscillator  strength  as  a  function  of  the  mag¬ 
netic  field  up  to  9  T.  The  influence  of  the  magnetic 
field  depends  on  its  orientation  with  respect  to  the  di¬ 
rection  of  the  electrical  bias  field.  A  magnetic-field 
oriented  parallel  to  the  electrical  field  quantizes  the 
motion  of  the  electrons  within  the  planes  of  the  su¬ 
perlattice  and  hence  leads  to  a  quasi-zero-dimensional 
confinement  of  the  charge  carriers.  This  alignment 
of  the  magnetic  field  parallel  to  the  electrical  field 
(see  Fig.  1)  is  termed  “Faraday  geometry”.  It  is  the 
geometry  which  is  investigated  in  this  paper.  If  the 
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Minibands  under  zero  bias 


Beginning  localization  under  weak  bias 


Fig.  1.  Schematic  icprc.scntation  of  Wannicr-Slark  quantization  in 
a  GaAs/AlGaAs  supcrlatticc  under  the  influence  of  a  DC  electrical 
field.  The  nomenclature  of  relevant  interband  transitions  between 
Wannicr  Stark  states  is  indicated  in  the  lower  part  of  the  figure. 
The  spatially  direct  transitions  arc  labeled  by  “0”,  the  spatially  in¬ 
direct  transitions  by  negative  integers  (reduced  transition  energy), 
respectively,  positive  integers  (increased  transition  energy). 


magnetic  field  is  oriented  perpendicular  to  the  elec¬ 
trical  field  (“Voigt  geometry”),  the  situation  is  more 
complex  because  the  carriers  are  confined  in  one  di¬ 
rection  by  both  the  electrical  and  magnetic  field,  and 
strong  mixing  effects  arc  expected  between  Wannier- 
Stark  quantization  and  Landau  quantization.  This  sit¬ 
uation  will  be  the  subject  of  future  studies. 

The  investigated  supcrlatticc  sample  consists  of 
35  periods  of  9.7-nm-widc  GaAs  wells  separated  by 
1.7-nm-widc  Alo.^GaojAs  barriers.  It  is  a  superlat- 
ticc  with  a  moderate  coupling  strength  between  the 
wells  as  indicated  by  the  width  of  the  first  electron 
miniband  of  18  meV.  The  undoped  superlatticc  was 
grown  by  molecular  beam  epitaxy  on  an  n”^ -doped 
GaAs  substrate  (doping  density;  2-4x10'^  cm“^). 
It  is  embedded  between  undoped  GaAs  buffer  layers 
with  a  thickness  of  250  nm  (top  layer)  and  350  nm 
(bottom  layer).  An  electrical  bias  field  can  be  applied 


between  the  substrate  and  a  semitransparent  Schot- 
tky  contact  on  top  of  the  wafer.  The  semitransparent 
Schottky  contact  consists  of  a  1-nm-thick  Cr  layer 
and  a  5-nm-thick  Au  film,  the  backside  metallization 
of  a  200-nm-thick  alloyed  AuGe  film. 

Photocurrent  spectra  are  recorded  with  the  help 
of  a  30-W  halogen  lamp,  a  0.5-m  monochroma¬ 
tor  with  a  1200-lines/mm  grating  and  a  low-noise 
voltage/currcnt  converter  followed  by  a  lock-in 
amplifier.  The  photon  energy  is  tuned  from  1.531 
to  1.698  eV  with  a  spectral  resolution  better  than 
0.16  mcV.  The  polarization  of  the  light  is  linear  in 
order  to  excite  both  and  (7“ -transitions.  The  exci¬ 
tation  spot  on  the  sample  has  a  rectangular  shape  with 
a  length  of  8  mm  and  a  width  of  1.5  mm;  because  of 
the  rather  large  spot  size,  broadening  of  the  spectral 
features  by  residual  spatial  inhomogeneities  of  the 
superlattice  parameters  cannot  be  ruled  out  but  does 
not  appear  to  be  significant.  The  excitation  density  is 
about  5x10^'  cm“^,  estimated  for  carrier  lifetimes 
of  about  200  ps  and  35  nW  excitation  power. 

The  sample  is  mounted  in  a  He  magnet  cryostat  with 
a  superconducting  split-coil  magnet  which  allows  to 
apply  a  magnetic  field  of  up  to  9  T  at  the  sample.  In 
this  study,  the  magnetic  field  is  oriented  parallel  to  the 
electrical  field  (^"ll^,  Faraday  geometry),  hence,  the 
Wannier-Stark  and  Landau  quantization  directions  are 
orthogonal  to  each  other.  The  sample  temperature  is 
kept  at  8  K. 

Fig.  2  shows  measured  photocurrent  spectra  for 
magnetic  fields  from  0  to  9  T.  The  data  were  taken 
without  an  external  voltage  applied  to  the  sample. 
The  good  signal-to-noise  ratio  (up  to  1000 : 1  peak  to 
peak)  achieved  both  by  averaging  multiple  scans  and 
by  spectral  oversampling  allows  even  weak  transitions 
to  be  observed  in  the  data. 

The  photocurrent  spectrum  for  vanishing  magnetic 
field  is  dominated  by  the  lowest  excitonic  Wannier- 
Stark  transitions,  the  spatially  direct  IshhO  and  IslhO 
transitions  (at  1.553  and  1.567  eV,  respectively),  and 
the  spatially  indirect  lshh-1  transition  (at  1.545  eV) , 
similar  to  results  previously  reported  in  Refs.  [12,13]. 
hh  and  Ih  denote  the  heavy-hole  and  light-hole  va¬ 
lence  bands,  respectively.  The  trailing  numbers  are  the 
Wannier-Stark  ladder  indices  as  illustrated  in  Fig.  1. 
Is  specifies  the  excitonic  ground  state,  «s,  with  «  >  1, 
the  excited  exciton  states.  The  Wannier-Stark  split¬ 
ting  of  7.3  meV  between  the  IshhO  transition  and  the 
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Fig.  2.  Photocurrent  spectra  taken  over  the  range  from  1.531  to 
1 .698  eV  for  magnetic  fields  from  0  to  9  T  with  increment  0.5  T 
at  fixed  electrical  field  of  10  kV/cm.  The  inset  shows  a  contour 
plot  of  the  data  of  the  main  panel.  The  three  strong  peaks  at  0  T 
(going  from  low  to  high  energy)  are  associated  with  the  lshh-1, 
IshhO,  and  IslhO  transitions. 


lshh-1  transition  is  a  result  of  the  intrinsic  electrical 
Schottky  field  of  about  10  kV/cm. 

The  magnetic  field  induces  additional  quantization 
as  well  as  lifting  of  degeneracies  [14].  The  spectra 
for  high  magnetic  fields  are  rather  complex.  The 
salient  feature  is  the  appearance  of  a  Landau  fan 
for  the  hhO  transition  which  can  be  seen  best  in  the 
gray- scale-encoded  representation  of  the  data  in  the 
inset  of  Fig.  2.  With  increasing  magnetic  field,  more 
and  more  transitions  of  the  fan  become  visible.  At  9  T, 
we  can  identify  up  to  ten  hhO  Landau  transitions 
extending  over  the  whole  energy  range  investigated 
in  this  study.  The  magnetic-field  dependence  of  the 
spectral  position  of  each  Landau  transition  depends 
on  the  index  of  the  exciton  state  it  evolves  from. 
While  the  lowest  transition,  developing  out  of  the 
IshhO  transition,  experiences  only  a  weak  diamag¬ 
netic  shift,  the  transitions  evolving  out  of  high-index 
«shh0  exciton  transitions  (with  « >  1 )  shift  with  a 
large  gradient  to  higher  energies.  Within  the  limita¬ 
tions  given  by  the  overlap  and  the  (anti)crossing  of 


Fig.  3.  Segment  of  the  photocun'ent  spectra  of  the  preceding  figure, 
representing  a  zoom  into  the  photon-energy  range  from  1.541  to 
1.596  eV. 

transitions  it  appears  that  the  magnetic-field  depen¬ 
dence  for  «  >  1  is  linear,  with  a  slope  as  given  by 
the  expression  derived  with  a  single-particle  model 
=  \l2)fieBlfx*,  with  jj*  denoting  the  re¬ 
duced  electron  and  hole  mass  and  m  indicating  the 
Landau  quantum  index  (w  =  «  —  1  =  0,  1,2,...)  cor¬ 
responding  to  the  Is,  2s,  3s,...  excitonic  states  [15 
-17].  The  oscillator  strength  for  all  spatially  direct  hh 
Wannier-Stark  transitions  rises  with  increasing  mag¬ 
netic  field  because  of  the  change  in  dimensionality 
known  ifom  investigations  of  2D  systems  [18-21]. 

In  addition  to  the  Landau  fan  for  the  spatially  direct 
Wannier-Stark  transitions,  one  can  identify  2s  rungs 
of  at  least  two  more  Landau  fans.  These  rungs  assigned 
to  the  spatially  indirect  hh-1  and  hh+1  Wannier-Stark 
transitions  are  indicated  by  dark  gray  boxes  in  Fig.  3 
which  presents  a  magnified  view  of  the  data  of  Fig.  2 
in  the  vicinity  of  the  bandedge.  The  identification  of 
the  2shh-l  transition  is  somewhat  ambiguous  because 
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the  assigment  can  be  made  to  either  one  of  two  lines 
marked  in  Fig.  3. 

It  is  remarkable  that  the  identification  of  Landau 
fans  for  the  spatially  indirect  Wannier-Stark  transi¬ 
tions  is  quite  difficult.  This  is  most  unexpected  for  the 
hh-1  transitions  because  the  lowest  lshh-1  transition 
is  rather  strong  at  the  electrical  field  of  10  kV/cm  even 
without  magnetic  field  and  becomes  even  more  promi¬ 
nent  with  rising  magnetic  field.  In  fact,  its  oscillator 
strength  increases  more  strongly  with  the  magnetic 
field  than  the  oscillator  strength  of  the  spatially  di¬ 
rect  IshhO  transition.  One  might  expect  that  the  hh-1 
Landau  fan  should  evolve  with  similar  clarity  as 
the  hhO  Landau  fan,  shifted  to  lower  energy  by  the 
Wannier-Stark  splitting  which  remains  nearly  unaf¬ 
fected  by  the  magnetic  field.  The  fact  that  the  Landau 
fan  for  the  hh-1  transition  is  resolved  only  in  part,  can 
only  be  explained  as  evidence  for  a  large  difference 
in  oscillator  strength  between  the  higher-index  hh-1 
Landau  transitions  as  compared  to  the  lshh-1  transi¬ 
tion.  Similar  arguments  hold  for  the  other  Wannier- 
Stark  transitions.  This  experimental  observation  is 
corroborated  by  yet  unpublished  model  calculations 
perfonued  by  Glutsch  with  methods  described  in  Ref. 
[22]  for  the  parameters  of  our  experiment. 

Fig.  3  allows  to  discern  clearly  a  number  of  ad¬ 
ditional  aspects  of  the  spectra.  The  preeminent  fea¬ 
tures  arc  the  following:  (i)  The  Is  transitions  do  not 
evolve  linearly  with  magnetic  field.  The  diamagnetic 
shift  is  weak  at  low  field  but  becomes  stronger  at 
higher  magnetic  field.  Such  a  field  dependence  is  the¬ 
oretically  expected  for  two-dimensional  [23-26]  and 
three-dimensional  [19]  excitons.  (ii)  The  spectra  are 
rich  in  the  occurrence  of  crossings  and  anticrossings 
of  transitions.  A  preeminent  example  is  the  anticross¬ 
ing  of  the  fundamental  light-hole  transition  IslhO  with 
the  2shh0  transition  at  a  magnetic  field  around  4.5 
T.  (iii)  The  line  width  of  the  Is  transitions  deter¬ 
mined  by  fitting  a  Lorentzian  to  the  experimental  data 
amounts  to  3-4  meV.  In  general,  the  width  of  most 
lines  seems  to  remain  constant  with  increasing  mag¬ 
netic  field,  although  narrower  lines  emerge  at  higher 
magnetic  fields  such  as  the  double-peak  structure  in 
the  region  around  1 .58  eV  consisting  of  two  lines  with 
a  bandwidth  of  2-2.5  meV  for  each  line.  The  double 
peak  is  indicated  in  Fig.  3  by  light-gray  boxes.  It  can 
be  identified  as  the  2shh0  doublet  (originating  from 
the  wshhO  continuum  at  0  T)  with  the  splitting  result¬ 


ing  mainly  from  the  lifting  of  the  angular-momentum 
degeneracy  in  the  valence  band  by  the  magnetic  field. 
The  splitting  energy  is  2.5  meV  at  9  T  and  is  in  the 
range  of  values  expected  from  experimental  and  the¬ 
oretical  data  obtained  for  uncoupled  [18]  and  coupled 
[19]  quantum  wells.  Angular-momentum  splitting  is 
expected  to  occur  for  all  Wannier-Stark  transitions. 
The  amount  of  the  splitting,  however,  appears  to  be  too 
small  for  most  transitions  visible  in  Fig.  3  to  induce 
more  than  a  broadening  of  the  lines  even  at  9  T.  A  more 
detailed  analysis  of  the  angular-momentum  splitting 
requires  excitation  of  the  transitions  by  circularly  po¬ 
larized  light  which  will  be  performed  in  future  work. 


Acknowledgements 

We  gratefully  acknowledge  numerous  discussions 
with  S.  Glutsch  (University  of  Jena)  and  with  L. 
Banyai,  G.  Meinert,  and  H.  Haug  (University  of 
Frankfurt).  This  work  is  supported  by  the  Schwer- 
punktprogramm  “Quantenkoharenz  in  Halbleitem”  of 
the  Deutsche  Forschungsgemeinschaft. 


References 

[1]  E.O.  Kane,  J.  Phys  Chem.  Solids  12  (1959)  181. 

[2]  J.  Bleuse,  G.  Bastard,  B.  Voisin,  Phys.  Rev.  Lett,  60  (1988) 
220. 

[3]  E.E.  Mendez,  F.  Agullo-Rueda,  J.M.  Hong,  Phys.  Rev.  Lett. 
60  (1988)  2426. 

[4]  E.E.  Mendez,  G.  Bastard,  Phys.  Today  6  (1993)  34. 

[5]  C.  Wasehke,  H.G.  Roskos,  R.  Schwedler,  K.  Leo,  H.  Kurz, 
K.  Kohler,  Phys.  Rev.  Lett.  70  (1993)  3319. 

[6]  J.  Feldmann,  K.  Leo,  J.  Shah,  D.A.B.  Miller, 
J.E.  Cunningham,  T.  Meier,  G.  von  Plessen,  A.  Schulze, 
P.  Thomas,  S.  Schmitt-Rink,  Phys.  Rev.  B  46  (1992)  7252. 

[7]  M.  Dignam,  J.E.  Sipe,  J.  Shah,  Phys.  Rev.  B  49  (1994)  10 
502. 

[8]  R.  Martini,  G.  Klose,  H.G.  Roskos,  H.  Kurz,  H.T.  Grahn,  R. 
Hey,  Phys.  Rev.  B  54  (1996)  R14325. 

[9]  P.  Haring  Bolivar,  F.  Wolter,  A.  Muller,  H.G.  Roskos, 
H.  Kurz,  K.  Kohler,  Phys.  Rev.  Lett.  78  (1997)  2232. 

[10]  F.  Wolter,  H.G.  Roskos,  P.  Haring  Bolivar,  G.  Bartels,  H. 
Kurz,  K.  Kohler,  H.T.  Grahn,  R.  Hey,  Phys.  Stat.  Sol.  B  204 
(1997)  83. 

[11]  V.G.  Lyssenko,  G.  Valusis,  F.  Loser,  T.  Hasche,  K.  Leo, 
M.M.  Dignam,  K.  Kohler,  Phys.  Rev.  Lett.  79  (1997)  301. 

[12]  F.  Agullo-Rueda,  E.E.  Mendez,  J.M.  Hong,  Phys.  Rev. 
B  40  (1989)  1357. 


T.  Bauer  et  al.  /  Physica  E  7  ( 2000)  289-293 


293 


[13]  K.  Fujiwara,  K.  Kawashima,  T.  Yamamoto,  N.  Sano,  R. 
Cingolani,  H.T.  Grahn,  K.  Ploog,  Phys.  Rev.  B  49  (1994) 
1809. 

[14]  L.D.  Landau,  E.M.  Lifshitz,  in:  Quantum  Mechanics, 
Pergamon  Press,  Oxford,  1965. 

[15]  D.C.  Reynolds,  D.C.  Look,  B.  Jogai,  C.E.  Stutz,  R.  Jones, 
K.K.  Bajaj,  Phys.  Rev.  B  50  (1994)  11  710. 

[16]  J.R.  Nicholas,  in:  P.  Bhattacharya  (Ed.),  EMIS  Datareviews 
No.  15:  Properties  of  III-V  Quantum  Wells  and  Superlattices, 
INSPEC,  London,  1996. 

[17]  D.C.  Reynolds,  D.C.  Look,  B.  Jogai,  C.E.  Stutz,  Phys.  Rev. 
B  48  (1993)  17  168. 

[18]  S.  Schmitt-Rink,  J.B.  Stark,  W.H.  Knox,  D.S.  Chemla, 
W.  Schafer,  J.  Appl.  Phys.  A  53  (1991)  491. 


[19]  H.  Chu,  Y.-C.  Chang,  Phys.  Rev.  B  40  (1989)  5497. 

[20]  C.  Stafford,  S.  Schmitt-Rink,  W.  Schafer,  Phys.  Rev.  B  41 
(1990)  10000. 

[21]  J.B.  Stark,  W.H.  Knox,  D.S.  Chemla,  W.  Schafer, 
S.  Schmitt-Rink,  C.  Stafford,  Phys.  Rev.  Lett.  65  (1990)  3033. 

[22]  S.  Glutsch,  D.S.  Chemla,  F.  Bechstedt,  Phys.  Rev.  B  54 
(1996)  11  592. 

[23]  0.  Akimoto,  H.  Hasegawa,  J.  Phys.  Soc.  Japan  22  (1967) 
181. 

[24]  M.  Shinada,  K.  Tanaka,  J.  Phys.  Soc.  Japan  29  (1970)  1258. 

[25]  A.H.  MacDonald,  D.S.  Ritchie,  Phys.  Rev.  B  33  (1986)  8336. 

[26]  A.B.  Dzyubenko,  A.L.  Yablonskii,  Phys.  Rev.  B  53  (1996) 
16355. 


HH 


p 

p 


EI^EVIBR 


PHYSICA 


Physica  E  7  (2000)  294-298 


www.elsevier.nl/locate/physe 


Negative  differential  resistanee  of  a  2D  electron  gas  in  a  1 D  miniband 

R.A.  Deutschmann^’  *,  W.  Wegscheider^’^,  M.  Rother^,  M.  Bichler^,  G.  Abstreiter^ 

“  Walter  Schottky  Institut,  Techniscfw  Universitat  Mimchen,  Aw  CoulomhwaU,  85748  Garching,  Germany 
Universitdt  Regensburg,  Universitdtsstr.  31,  93040  Regensburg.  Germany 


Abstract 

We  experimentally  investigate  the  miniband  transport  in  a  novel  kind  of  superlattice  fabricated  by  the  “cleaved  edge 
overgrowth”  method.  The  structure  represents  a  field  effect  transistor,  where  the  channel  consists  of  an  MBE-grown  superlattice 
perpendicular  to  the  cuirent  flow.  By  means  of  the  gate  the  Fermi  energy  can  be  adjusted  between  the  bottom  of  the  first 
miniband  and  into  the  minigap.  We  obsciwe  pronounced  negative  differential  resistance  at  electric  fields  across  the  superlattice 
as  low  as  1 60  V/cm.  From  magnetotransport  measurements  a  relation  between  the  applied  gate  voltage  and  the  position  of 
the  Fermi  energy  in  the  artificial  band  stmeture  is  established.  Electron  mobility  depending  on  the  Fermi  energy  is  deduced 
separately  from  Shubnikov~de  Haas  oscillations,  from  the  voltage  at  the  peak  current  and  from  the  low-field  resistance.  © 
2000  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Superlattice;  Miniband  transport;  Negative  differential  resistance;  Bloch  oscillations 


1.  Introduction 

Man  made  periodic  potentials  have  long  been  of 
great  interest  for  fundamental  research  and  in  view  of 
applications.  On  the  one  hand  epitaxially  grown  semi¬ 
conductor  superlatticcs  (SLs)  have  revealed  a  large 
variety  of  effects  in  electronic  transport  [1],  but  so 
far  research  has  mainly  concentrated  on  systems  with 
Fermi  energy  close  to  the  miniband  minimum.  Addi¬ 
tionally  for  a  given  sample  the  Fermi  energy  is  usually 
fixed.  On  the  other  hand  in  surface  lateral  superlattices 
the  Fermi  energy  is  adjustable,  but  at  the  price  of  a 
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rather  large  periodicity  and  shallow  potential  modula¬ 
tion  which  leads  to  a  large  number  of  occupied  bands 
[2].  We  have  extended  a  sample  structure  developed 
by  Stormer  et  al.  [3]  to  combine  attractive  features  of 
both:  A  two-dimensional  electron  system  (2DES)  re¬ 
sides  in  an  atomically  precise  superlattice,  the  Fermi 
energy  of  which  can  continuously  be  adjusted  over  a 
wide  range  by  a  gate,  and  the  bandstructure  of  which 
can  be  engineered  by  heterostructure  MBE  growth. 
This  sample  design  allows  us  to  study  superlattice  DC 
transport  as  well  as  magnetotransport  properties  of  a 
single  partially  or  fully  filled  band. 

2.  Sample  design  and  measurement  technique 

Our  samples  consist  of  an  MBE  grown  undoped 
100x1 19  A  GaAs/3lA  Alo.32Gao.68  As  SL  sand- 


1386-9477/00/$  -  see  front  matter  ©  2000  Elsevier  Science  B.V.  All  rights  reserved. 
PIT:  S  1386-9477(99)003  1  2-4 


R.A.  Deutschmaim  et  al.  I  Physica  E  7  (2000)  294-298 


295 


magnetic  field  ohmic  contacts  (source) 


Fig.  1.  Sample  structure.  First  in  the  (001)  direction  the  undoped 
SL  is  grown  between  two  n+  GaAs  contacts.  After  cleaving  the 
sample,  on  the  (110)  face  the  gate  is  grown.  At  positive  gate 
voltages  a  two-dimensional  electron  gas  is  induced  in  the  SL 
at  the  interface  to  the  AlGaAs.  The  magnetic  field  is  applied 
perpendicular  to  the  2DES. 

wiched  between  two  100  nm  undoped  GaAs  layers  and 
two  1  jim  n+  GaAs  layers  grown  on  semi-insulating 
(001)  GaAs  substrate,  as  shown  in  Fig.  1.  The  two 
doped  layers  serve  as  source  and  drain  contacts.  After 
in  situ  cleaving  the  sample,  an  Alo.32Gao.68As  spacer 
layer  is  grown  on  the  freshly  exposed  (110)  plane, 
followed  by  a  1 5  nm  undoped  and  a  1 00  nm  n+  GaAs 
layer,  which  serves  as  a  gate.  After  wet  chemical 
etching  source,  drain  and  gate  are  finally  contacted 
by  evaporating  GeAu. 

Experiments  were  performed  at  liquid  helium  tem¬ 
peratures  in  a  four  point  contact  measurement  scheme 
with  two  contacts  each  on  source  and  drain.  The  sam¬ 
ples  have  to  be  cooled  below  liquid  nitrogen  temper¬ 
atures  to  avoid  thermally  activated  bulk  leakage  cur¬ 
rents  between  source  and  drain.  By  applying  a  posi¬ 
tive  voltage  t/g  to  the  gate  with  respect  to  source  and 
drain  a  two-dimensional  electron  gas  can  be  induced  in 
the  SL  below  the  gate.  Electrons  thus  travel  in  an  un¬ 
doped  SL  from  source  to  drain,  while  their  density  can 
continuously  be  controlled  by  the  gate.  These  features 
make  our  samples  distinct  from  conventional  MBE 
grown  GaAs/AlGaAs  SLs  used  for  transport  experi¬ 
ments.  On  the  other  hand  our  samples  can  be  viewed 
as  surface  lateral  SL  with  strong  potential  modulation 
and  shorter  period  as  can  conventionally  be  obtained. 
In  DC  measurements  one  set  of  contacts  was  used  to 
apply  the  voltage  and  measure  the  current  Ad,  with  the 
other  set  of  contacts  the  true  voltage  drop  tAd  across 
the  SL  was  measured.  Additionally  the  sheet  resis¬ 
tance  of  the  GaAs  contact  layers  was  accounted  for 


Fig.  2.  Current  voltage  relation  for  gate  voltages  between  100  and 
600  mV.  A  region  of  negative  differential  resistance  at  very  low 
electric  fields  across  the  SL  is  observed,  the  position  of  which 
depends  on  the  gate  voltage. 

by  subtracting  the  appropriate  voltage  drop.  Magneto¬ 
transport  measurements  were  also  performed  in  four 
point  geometry  with  the  magnetic  field  oriented  per¬ 
pendicular  to  the  2DES. 


3.  Experimental  results 

The  DC  current  voltage  relation  of  the  transistor 
for  Ug  between  100  and  600  mV  is  shown  in  Fig.  2. 
At  first  sight  the  curve  resembles  that  of  a  conven¬ 
tional  transistor,  with  an  ohmic  current  increase  at  low 
source  drain  voltages,  saturation  at  high  source  drain 
voltages,  an  orderly  increase  of  the  saturation  current 
with  gate  voltage,  but  with  an  additional  region  of 
negative  differential  resistance  (NDR),  A  closer  look 
reveals  four  different  regimes  depending  on  the  gate 
voltage.  For  Ug  <  170  mV  no  NDR  is  present.  For  Ug 
between  1 70  and  240  mV  NDR  develops,  the  peak  cur¬ 
rent  /peak  increases,  the  peak  voltage  Cpeak  decreases. 
Subsequently  up  to  Ug  =  400  mV  the  voltage  Upeak 
remains  almost  constant  at  about  25  mV.  Finally  for 
even  higher  Ug  the  voltage  f/peak  increases  again,  and 
instability  is  observed  for  CAd  >  t/peak  which  causes 
Ad  to  drop  and  tAd  to  rise  abruptly.  Additionally  a 
kink  is  observed  in  Ad  at  /Ad  =  5  mV,  the  origin  of 
which  is  unclear. 

As  a  first  remark  we  note  that  for  //g  =  0  mV  practi¬ 
cally  no  leakage  current  Ad  is  detected  for  voltages  /Ad 
we  are  concerned  with  here.  However,  for  /Ad  >  Id 
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V,  a  gate  voltage  independent  sudden  inerease  of  /sd 
is  observed,  followed  by  an  instability  similar  to  the 
one  discussed  above.  This  effect  is  attributed  to  elec¬ 
trons  being  injected  into  the  bulk  SL  from  the  contact 
at  large  U^^\.  A  second  remark  is  concerned  with  the 
energetic  barrier  between  source  and  drain,  which  pre¬ 
vents  bulk  leakage  current  and  is  detennined  by  the 
energetic  position  of  the  first  miniband  with  respect  to 
the  Fermi  level  in  the  doped  GaAs  contacts.  At  low 
electron  densities  (f/g  <  200  mV)  and  small  this 
barrier  is  significant  also  in  the  electron  channel  and 
causes  non-ohmic  increase  of  /sd  with  U^^\. 

Information  about  the  relation  between  f/g  and 
the  electron  density  in  the  channel  was  obtained 
by  magnetotransport  measurements.  We  found  clear 
Shubnikov-de  Haas  (SdH)  oscillations  in  the  longi¬ 
tudinal  magnetoresistance  p.vA  from  which  three  kinds 
of  information  can  be  deduced.  First,  from  the  pe¬ 
riodicity  of  the  oscillations  the  electron  density  was 
detennined  to  n,  =  {5.1  ±0.\)x  f/glO^'  V"'  cm-^ 
which  agrees  reasonably  well  with  the  result  obtained 
from  a  capacitor  model.  The  spacing  between  the 
maxima  of  p.v.v  was  perfectly  constant  for  all  f/g  when 
plotted  against  inverse  magnetic  field.  Second,  from 
the  onset  of  the  SdH  oscillations  a  rough  estimate 
of  the  electron  mobility  in  the  SL  can  be  obtained, 
which  will  be  discussed  below.  Third,  a  characteristic 
positive  magnetorcsi  stance  and  a  quenching  of  the 
SdH  oscillations  arc  observed  in  the  SdH  curves  when 
f/g  is  raised  above  a  critical  voltage.  This  behavior  is 
expected  for  a  system  with  open  electron  orbits  [4]. 


4.  Discussion 

The  one-dimensional  band  structure  of  the  given 
SL  is  readily  obtained  by  a  Kronig-Penney  calcula¬ 
tion,  which  yields  a  width  for  the  first  miniband  of 
d  =  3.8  meV,  separated  from  the  second  miniband 
by  a  60  meV  one-dimensional  minigap.  The  first  ex¬ 
cited  level  of  the  triangular  field  effect  potential  is 
expected  at  about  15  meV  above  the  first  miniband. 
Since  there  is  still  free  electron  movement  possible 
perpendicular  to  the  SL  parallel  to  the  cleavage  plane, 
the  energy-momentum  relation  is  given  by 

fp'jip'  A 

E{k,.L)=j^  +  -i]-cos(k,d)), 


where  =  1 50  A  is  the  SL  period,  and  h  are  the 
electron  momenta  in  the  free  and  SL  direction,  re¬ 
spectively.  In  order  to  establish  a  relation  between  the 
Fermi  energy  and  we  have  determined  the  den¬ 
sity  of  states  (DOS)  numerically,  which  is  displayed 
together  with  the  first  miniband  in  Fig.  3.  The  DOS 
has  a  logarithmic  singularity  at  the  top  of  the  mini¬ 
band,  but  there  are  states  in  the  minigap  [5]. 

Experimentally,  the  onset  of  the  positive  magne¬ 
toresistance  occurred  at  f/g  =  450  mV,  corresponding 
to  =  2.5  X  10' ’  cm“^.  On  the  other  hand,  given 
the  DOS,  we  can  calculate  for  E{  A  and  we  find 
/7s  =  2.3  X  10"  cm“^  in  quite  good  agreement  with 
the  experiment.  Thus  we  know  that  for  any  <  450 
mV,  E'f  will  be  in  the  first  miniband,  whereas  for 
Dg  >  450  mV  the  minigap  will  be  occupied. 

We  now  proceed  to  extracting  the  apparent  elec¬ 
tron  mobility  depending  on  Ug  from  the  data,  which 
can  be  done  in  three  different  ways.  First  the  condi¬ 
tion  1  for  the  appearance  of  SdH  oscillations, 
with  oje  the  cyclotron  frequency  and  t  the  scatter¬ 
ing  time,  yields  a  lower  bound  of  the  electron  mo¬ 
bility  jUsdH  =  1/^c  given  the  critical  magnetic  field 
at  the  onset  of  the  SdH  oscillations.  It  is  well  known 
that  this  procedure  considerably  underestimates  the 
true  mobility  of  the  carriers  [6].  Second  in  the  Esaki 
and  Tsu  model  [7]  the  expression  jUet  =  eAxd^llfi?-  is 
found  where  t  can  be  determined  from  Z7pcak  =  Ih/eyd, 
where  /  =  1.5  jim  is  the  SL  thickness.  Although  the 
low  temperature  may  justify  the  use  of  the  Esaki-Tsu 
model  over  more  sophisticated  models,  again  the  ob¬ 
tained  mobility  will  likely  be  underestimated.  This  is 
because  the  finite  Fermi  energy  has  not  been  taken  into 
account  in  the  calculation.  Third  we  can  estimate  the 
mobility  from  the  slope  1  /R  of  the  ohmic  increase  of 
/sd  at  small  t/sd  frorn  jttR  =  l/Rn^eb,  where  b  =  240  pm 
is  the  channel  width. 

In  Fig.  4  we  have  plotted  the  values  of  p  obtained 
as  described  above.  Both  psdu  and  pet  are  of  the  same 
magnitude  and  have  qualitatively  the  same  behavior 
with  Ug.  For  small  band  filling  psdH  and  //et  first  in¬ 
crease,  then  remain  constant,  and  decrease  forE^f  close 
to  and  in  the  minigap.  //r  in  contrast  is  drastically 
smaller  and  shows  a  very  different  dependence  on  Ug 
with  three  different  linear  regimes.  The  small  magni¬ 
tude  of  //R  explains  why  /peak  is  much  smaller  than 
expected  from  the  Esaki-Tsu  model.  So  far  we  do  not 
have  an  appropriate  model  for  these  findings. 
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Fig.  3.  Shape  and  density  of  states  of  the  first  miniband:  (a)  Situation  for  £’f  —  d/2.  Schematically  the  trajectory  of  one  electron  for  an 
electric  field  along  the  SL  and  long  scattering  time  is  depicted,  a  is  the  lattice  constant  of  GaAs.  (b)  Situation  for  >  d.  It  can  be  seen 
that  electron  transport  and  NDR  is  still  possible,  (c)  Band  structure  along  the  SL  direction  and  density  of  states,  normalized  to  the  DOS 
of  a  2DES. 


Electrons  in  a  SL  are  expected  to  perform  Bloch  os¬ 
cillations  (BO)  when  where  copo  =  eFdjfi. 

For  f/g  =  375  mV  we  have  found  fis6H  =  4  m^/Vs, 
from  which  follows  t  =  m*f.i/e  —  1.5  ps,  with  m*  = 
0.067wc  conservatively  taken.  BOs  can  thus  be  ex¬ 
pected  for  Usd  >  43  mV  with  a  minimum  frequency 
of  /bo  =  100  GHz,  assuming  a  constant  electric  field 
in  the  SL.  The  localization  length  I  =  AjeF  in  this 
case  is  9  periods  of  the  SL,  thus  ensuring  to  be  far 
away  from  Wannier-Stark  localization.  Of  course  the 
problem  of  incoherent  radiation  remains. 

In  conclusion  we  have  presented  a  novel  SL  device 
which  gives  control  over  the  electric  field  across  the 
SL  as  well  as  the  position  of  the  Fermi  energy  of  a 


2DES  in  the  SL.  Starting  at  electron  densities  as  low  as 
0.9  X  10*'  cm“^  NDR  is  observed.  The  electric  field 
across  the  SL  at  the  peak  current  remains  approxi¬ 
mately  constant  at  160  V/cm  as  long  as  E'f  lies  in  the 
miniband,  and  increases  when  E^'  is  raised  above  the 
miniband.  Surprisingly  even  when  lies  in  the  mini¬ 
gap  NDR  is  persistent.  From  t/peak,  from  SdH  mea¬ 
surements  and  from  the  low-field  resistance  the  elec¬ 
tron  mobility  is  deduced,  respectively.  It  is  found  that 
jtfET  and  /isdH  both  have  a  maximum  when  E^  lies  in 
the  miniband,  whereas  /iR  develops  a  much  smaller 
maximum  when  E^  lies  in  the  minigap.  The  presented 
device  may  serve  as  textbook  example  for  2D  elec¬ 
tronic  transport  in  a  partially  or  fully  filled  miniband. 
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gate  voltage  (mV) 

Fig.  4.  Elcclron  mobility  dctcnnined  from  the  position  of  the 
current  maximum,  from  the  onset  of  the  SdH  oscillations,  and 
from  the  low-field  resistance.  Note  that  the  low-field  resistance  is 
enhanced  by  a  factor  of  37. 
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Abstract 

A  self-consistent  microscopic  model  of  sequential  tunneling  in  superlattices  is  employed  to  investigate  self-sustained  current 
oscillations.  Current  spikes  -  high-frequency  modulation  due  to  well-to-well  hopping  of  charge  monopole  domain  walls  - 
are  naturally  reproduced.  Moreover,  as  the  contact  doping  shrinks,  the  recycling  and  motion  of  charge  dipoles  resulting  in 
a  lower-frequency  oscillatory  mode  is  predicted.  For  low  contact  doping,  this  mode  dominates  and  monopole  oscillations 
disappear.  At  intermediate  doping,  hysteresis  between  both  the  oscillatory  modes  may  be  possible.  ©  2000  Elsevier  Science 
B.V.  All  rights  reserved. 

Keywords:  Superlattices;  High  field  effects;  Tunneling  domains 


Vertical  transport  in  weakly  coupled  semiconduc¬ 
tor  doped  superlattices  (SLs)  has  been  shown  to 
display  nonlinear  phenomena  such  as  electric  field 
domain  formation,  multistability,  self-sustained  cur¬ 
rent  oscillations,  and  driven  and  undriven  chaos  [1]. 
When  the  carrier  density  is  set  below  a  critical  value, 
self-sustained  oscillations  of  the  current  may  appear 
in  voltage  biased  SLs.  They  are  due  to  the  periodic 
dynamics  of  the  domain  wall  (DW),  which  con¬ 
sists  in  a  charge  monopole  accumulation  layer  or 
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a  monopole,  separating  two  nearly  constant  electric 
field  domains  [2].  Monopole  motion  and  recycling 
have  been  experimentally  shown  by  counting  the 
spikes  -  high-frequency  modulation  -  superimposed 
on  one  period  of  the  current  self-oscillations;  current 
spikes  correspond  to  well-to-well  hopping  of  a  DW 
through  the  SL  [3].  Our  purpose  is  to  extend  the 
model  proposed  in  Ref  [4]  for  the  stationary  case  to 
include  the  time  dependence  of  the  current.  We  ana¬ 
lyze  the  tunneling  current  through  the  SL  by  means  of 
the  transfer  Hamiltonian.  The  dynamics  is  considered 
in  the  model  through  the  Ampere’s  law  for  the  total 
current  density  J  —  J{t): 
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Here  Ji-\j  is  the  tunneling  current  density  through  the 
/th  barrier  of  thickness  d\ 
j  2e%k\i  T 

y _ y_ _ 

[(fi  -  «'/)-  +  f  ]  [(E  -  e,VH-i )-  + 


x7;_|.|(e)ln 


1 

1 


d8. 


(2) 


where  is  the  /th  resonant  state  of  the  /th  well  (//max 
is  the  number  of  subbands  participating  in  the  trans¬ 
port)  and  r,(/:)  is  the  transmission  through  the  /th 
barrier.  Note  that  only  the  lowest  resonant  level  is 
assumed  to  be  populated.  Scattering  is  treated  phe¬ 
nomenologically  by  considering  the  spectral  functions 
of  the  wells  as  Lorentzians  (y  is  the  half  width).  The 
last  term  in  Eq.  (1 )  is  the  displacement  cuiTcnt  at  the 
/th  barrier  where  the  potential  drop  is  Vj  and  s  is  the 
static  permittivity.  We  include  the  Coulomb  interac¬ 
tion  in  a  mean  field  approximation  by  means  of  dis¬ 
crete  Poisson  equations  relating  the  potential  drops 
in  wells,  barriers  and  contacts.  The  boundary  condi¬ 
tions  at  the  contacts  describe  the  lengths  of  the  de¬ 
pletion  and  accumulation  layers  as  well  as  the  charge 
density  at  the  leads.  The  final  set  of  equations  solved 
sclf-consistently  [4].  We  have  studied  a  50-well  13.3 
nm  Ga As/2, 7  nm  AlAs  SL  at  T  =  0  K  [3].  Doping  in 
the  wells  and  in  the  contacts  are  Wv  =  2  x  10’^  cm“^ 

andAc  =  2  X  10'"'’  cm--\ 

For  the  sake  of  brevity,  the  monopole-mediated 
self-oscillations  arc  not  depicted  here,  and  can  be 
found  elsewhere  [5].  Instead,  we  shall  focus  on  dipole 
self-oscillations  akin  to  those  in  the  Gun  effect  [2]. 
Since  an  advantage  of  our  present  model  over  other 
discrete  ones  [1,2]  is  the  microscopic  modelling  of 
boundary  conditions,  we  can  study  what  happens 
when  contact  doping  is  changed.  The  result  is  that 
dipole-mediated  self-oscillations  appear  as  the  emit¬ 
ter  doping  is  lowered  below  a  certain  value.  There  is 
a  range  of  voltages  for  which  dipole  and  monopole 
oscillations  coexist  as  stable  solutions.  When  the 
emitter  doping  is  further  lowered,  only  the  dipole 
self-oscillations  remain.  Fig.  1  presents  data  in  the 
crossover  range  (below  Ac  =4.1  x  lO'^"  cm~^  and 
above  Nc  =  1.7  x  10*^’  cm“^  for  the  second  plateau) 
for  the  sample  values  given  above,  applying  a  DC 
bias  voltage  of  5.5  V.  These  self-oscillations  have 


Time  (ns)  Well  number 


Fig.  1.  (a)  Dipole-mediated  self-sustained  oseillations  of  the  total 
current  through  the  SL.  Bias  is  5.5  V  and  the  contact  doping 
is  Nc  =  2  X  lO'^’  cm”^.  (b)  Evolution  of  the  well  density  at  the 
times  marked  in  (a).  When  a  sharp  accumulation  layer  is  formed 
at  (2),  it  starts  to  get  through  the  SL  and  spikes  arise.  The  DW 
leaves  a  depletion  region  on  its  wake  (see  (3)).  Eventually,  it  dies 
in  the  collector  at  (4)  while  it  is  recycled  at  the  emitter  (more 
clearly  seen  in  (1)). 


not  been  observed  so  far  in  experiments  due  to  the 
high  contact  doping  adopted  in  all  the  present  experi¬ 
mental  settings.  What  is  remarkable  in  Fig.  1(a)  (as 
compared  to  previous  studies)  are  the  spikes  super¬ 
imposed  on  one  side  of  the  oscillations.  Such  spikes 
have  been  observed  experimentally  and  attributed  to 
well-to-well  hopping  of  the  DW  [3],  Between  each 
two  peaks  of  we  observe  36  additional  spikes. 
Thus  dipole  recycling  and  motion  occur  on  almost 
the  whole  SL  (roughly  between  the  10th  and  the  50th 
well)  and  accompany  the  current  oscillation.  In  the 
experiments  perfonned  up  to  now,  self-oscillations 
present  a  markedly  smaller  number  of  spikes,  indicat¬ 
ing  that  they  are  due  to  monopole  recycling  [3,2], 

Fig.  2(a)  depicts  a  zoom  of  the  spikes  in  Fig.  1(a). 
They  have  a  frequency  of  about  500  MHz  and  an  am¬ 
plitude  of  5.5  pA.  Fig.  2(b)  shows  the  charge  den¬ 
sity  profile  at  four  different  times  of  a  current  spike 
marked  in  Fig.  2(a).  Notice  that  the  electron  density 
in  Fig.  2(b)  is  larger  than  the  well  doping  at  only  three 
wells  (24,  25  and  26)  during  the  times  recorded  in  Fig. 
2(a).  The  contributions  of  tunneling  and  displacement 
currents  to  J(t)  in  Eq.  (1)  are  depicted  in  Figs.  2(c) 
and  (d). 

The  spikes  reflect  the  two-stage  hopping  motion  - 
fast  time  scale  -  of  the  DW.  During  the  stage  where 
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Fig.  2.  (a)  Zoom  of  Fig.  1(a)  showing  the  spikes  of  the  current. 

(b)  Electron  density  profiles  (in  units  of  the  doping  at  the  wells), 

(c)  tunneling  cun'ent,  and  (d)  displacement  current  at  the  times 
marked  in  (a).  Notice  that  after  the  29th  well  the  SL  is  significantly 
depleted  of  eleetrons. 

the  current  rises,  charge  is  mainly  transferred  through 
a  single  barrier,  for  at  time  ( 1 )  (minimum  of  the  cur¬ 
rent)  the  charge  accumulates  mainly  at  the  ith  well 
(the  24th  well  in  Fig.  2(b))  and  then  electrons  tunnel 
from  this  well  to  the  next  one,  the  (/  H-  1  )th,  where 
most  of  the  charge  is  located  at  time  (3)  (maximum 
of  the  current).  Between  times  (1)  and  (3),  the  tun¬ 
neling  current  is  maximal  where  the  displacement 
current  is  minimal  and  the  total  current  increases. 
After  that,  some  charge  flows  to  the  next  well  [time 
(4)]  but  both,  tunneling  and  displacement  currents,  are 
smaller  than  what  they  are  previously.  This  occurs  be¬ 
cause  the  potential  drop  at  barrier  (/  +  2)  (in  the  high 
field  domain)  is  larger  than  at  barrier  (z  +  1).  Then 
there  is  a  smaller  overlap  between  the  resonant  levels 


of  nearby  wells  -  the  tunneling  current  decreases  - 
and  the  displacement  current  and,  eventually,  J{t)  de¬ 
creases.  This  stage  lasts  until  well  i  is  drained,  and 
most  of  the  charge  is  concentrated  at  wells  (z  +  1) 
(the  local  maximum  of  charge)  and  (z  +  2)  (slightly 
smaller  charge).  Then  the  next  current  spike  starts. 

In  summary,  we  have  thoroughly  performed  an 
analysis  of  the  time-dependent  features  of  a  biased 
SL.  Experimentally  observed  high-frequency  oscilla¬ 
tions  superimposed  on  natural  oscillations  are  natu¬ 
rally  obtained.  For  the  first  time,  novel  charge  density 
wave  dynamics  (dipole-like  current  oscillations)  is 
observed  when  contact  doping  is  lowered  sufficiently. 
The  crossover  between  monopole  and  dipole  solu¬ 
tions  is  a  function  of  the  sample  parameters.  Further 
study  of  such  dependence  is  the  aim  of  a  future  work. 
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